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ABSTRACT 
 
The mutually beneficial interdependence of hydrogen-producing and hydrogen-utilizing bacteria 
was discovered by M. P. Bryant, M. J. Wolin and R. S. Wolfe at the University of Illinois in 1967. Based 
on thermodynamic principles, interspecies hydrogen transfer is a central process in anaerobic 
environments linking transfer of reducing power from fermentation of organic molecules to inorganic 
electron acceptors via hydrogen. Interspecies hydrogen transfer is the most significant example of 
unidirectional substrate supply enabling the syntrophic metabolic association between interacting 
microbial species and plays a significant role in the global methane cycle. Ruminococcus albus 7 is a 
hydrogen-producing, fermentative bacterium with two known hydrogen-producing hydrogenase 
complexes, HydABC and HydA2, as well as a putative hydrogen-sensing protein, HydS. HydABC is the 
only chromosomal hydrogenase, while HydA2 and HydS form a transcriptional unit on its plasmid 
pRumal01. The electron-bifurcating ferredoxin- and NAD-dependent [FeFe]-hydrogenase, HydABC, 
couples proton reduction using nicotinamide adenine dinucleotide (NADH) to proton reduction using 
reduced ferredoxin (Fdred), producing molecular hydrogen: 3 H+ + NADH + Fdred → 2 H2 + NAD+ + Fdox. 
HydA2, a ferredoxin-dependent [FeFe]-hydrogenase, reduces protons to molecular hydrogen using only 
reduced ferredoxin: 2 H+ + Fdred → H2 + Fdox. HydS contains a PAS domain, which often are present on 
sensory proteins. In addition, HydS contains a putative redox-sensing [4Fe:4S] cluster.  
We hypothesized HydS transcriptionally regulates HydA2 in a manner dependent on the presence 
of a hydrogen-utilizing syntroph. To test this hypothesis, R. albus 7 and a hydrogen-utilizing bacterium, 
Wolinella succinogenes DSM 1740, were grown in pure culture and in co-culture. W. succinogenes uses 
hydrogen as an electron acceptor for fumarate respiration. Cell growth was monitored by optical density 
(OD600) and quantitative polymerase chain reaction (qPCR). Metabolites were measured to observe 
changes caused by the interaction of the two bacteria. Lastly, RNA was extracted at mid-log phase for 
sequencing to compare whole genome transcriptomic profiles. Hydrogen accumulated in the R. albus pure 
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culture, but not in the co-culture. Production of acetate increased and ethanol decreased when R. albus 
was grown in co-culture with W. succinogenes. Transcript abundance of HydA2 was 90-fold lower in co-
culture, relative to pure culture. The electron-bifurcating hydrogenase, HydABC, had a small change in 
transcript abundance in co-culture relative to pure culture (1.2- to 1.3-fold increase). This suggests HydS 
might be sensing hydrogen levels and regulating the transcription of HydA2. These results also suggest 
the electron-bifurcating hydrogenase (HydABC) functions in central metabolism regardless of external 
hydrogen concentration. In addition, many genes in central carbon metabolism, de novo thiamin 
biosynthesis, and methionine transport were significantly increased.  
W. succinogenes reduced all the fumarate to succinate in both the pure culture and the co-culture 
with R. albus. Two of the three subunits of the [NiFe]-hydrogenase in W. succinogenes had an increase in 
transcript abundance of 2.7-fold to 2.9-fold. The transcripts for fumarate reductase had a small increase in 
abundance in co-culture (1.2-fold). W. succinogenes had an increased growth rate in co-culture. Other 
respiratory genes in W. succinogenes had increased transcriptional abundance, including formate 
dehydrogenase and genes involved in nitrate reduction. Transcripts for fumarate respiration were much 
higher than for nitrate respiration. This is the first study to show at the genome and metabolite levels that 
R. albus and W. succinogenes benefit from symbiotic IHT, although formate transfer may have been 
occurring in co-culture as well.  
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LITERATURE REVIEW 
 
Anatomy of the gastrointestinal tract 
 Gastrointestinal (GI) tracts are specialized organs for the digestion and absorption of 
food. In mammals, there are many types of GI tracts, each with a function corresponding to a 
unique type of diet. There are three types of dietary adaptations described in mammals: 
carnivory, herbivory, and omnivory (Chivers and Hladik, 1980). Carnivores primarily consume 
animal matter and have a GI tract that includes a simple stomach, a long small intestine, a short 
cecum, and a simple colon. Omnivores consume animal and plant matter (fruits, flowers, seeds, 
and tubers) and have an unspecialized GI tract. Herbivores consume primarily plant matter 
(leaves, grasses, twigs, seeds, barks, and tubers) and have a GI tract specialized to house 
symbiotic microbes that aid in digestion. This can come in the form of a complex stomach, an 
enlarged cecum and/or an enlarged colon.  
 GI tracts can also be further classified in terms of where microbial fermentation occurs. 
This is important because when microbes in the GI tract degrade plant matter, short chain fatty 
acids (SCFAs) accumulate and are absorbed by the host as a source of energy (Phillipson and 
McAnally, 1942). Most herbivores are foregut (pre-gastric) fermenters, whereas all omnivores 
and some herbivores are hindgut (post-gastric) fermenters (Langer, 1986). A specialized type of 
foregut fermenter is the ruminant, which includes giraffes, white-tailed deer, moose, cattle, sheep 
and goats. Ruminants have an extensive stomach consisting of the rumen, reticulum, omasum, 
and abomasum. The rumen is the first and largest of these stomachs and is where pre-gastric 
microbial fermentation takes place. The contents of the rumen mix with the reticulum and must 
pass through a sieve (approx. 3 mm in cattle) in the reticulum before entering the omasum 
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(Prigge et al., 1990; Okine et al., 1998). The last chamber is the acid-secreting abomasum 
(Hungate, 1985). Ruminants regurgitate foregut digesta, and remasticate it in a process called 
rumination. This process of microbial fermentation and rumination is the major energy-
generating mechanism in ruminants. 
 
Microbial ecology of the gastrointestinal tract 
Ruminants 
Microbes in the rumen provide the host with many nutritional benefits. Microbial 
fermentation of insoluble structural polysaccharides (e.g. cellulose, hemicellulose) in the rumen 
provides the ruminant with its major source of energy in the form of SCFAs (Leng and Annison, 
1963; Baile and Forbes, 1974; Siciliano-Jones and Murphy, 1989; Bergman, 1990; Krause et al., 
2003). The primary SCFAs produced by microbes in the rumen and absorbed from the rumen 
and omasum are acetate, propionate, and butyrate (Phillipson and McAnally, 1942; Barcroft et 
al., 1944; Leng and Brett, 1966). As long as nitrogen is added to the diet in the form of urea and 
ammonium, cows can survive solely on protein from microbes (Virtanen, 1966). Rumen 
microbes provide a source of vitamins for their host (Lardinois, et al., 1944; Dryden et al., 1962; 
Matschiner, 1970; Breves et al., 1981; Brulc et al., 2009), and in addition ruminal microbes are 
capable of detoxifying (and toxifying) the feed components (Smith, 1992).  
The conditions of the bovine rumen are stable within each animal. A healthy rumen has a 
temperature near 39°C, pH between 6.7-7.2 and is strictly anaerobic (Hungate, 1969). The 
bovine rumen contains all domains of life, Eukarya, Bacteria and Archaea, as well as viruses 
(Swain et al., 1996; Sharp et al., 1998; Ross et al., 2013). The largest organisms in the rumen are 
the Eukarya; hundreds of thousands (~105) of fungi and ciliate protozoa live in the bovine rumen 
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(Sharp et al., 1998; Brulc et al., 2009; Lean et al., 2014). There approximately 1010 bacteria per 
ml of rumen fluid, dominated by the bacterial phyla Firmicutes and Bacteroidetes (Lean et al., 
2014). There are ~109 to 1010 phage particles per ml of rumen fluid (Klieve and Swain, 1993). 
Archaea comprise 0.3-3.3% (~108 to 109) of the microbes in the bovine rumen, based on small 
subunit rRNA (16S and 18S) abundance, and are primarily methanogens (Lin et al., 1997; 
Janssen and Kirs, 2008; Brulc et al., 2009; Lean et al., 2014).  
In anaerobic environments, interdependent feeding chains degrade organic matter into 
methane, carbon dioxide and water (Shrestha and Rotaru, 2014; Schink and Stams, 2013). These 
microbes and the compounds they metabolize have significant impacts on the carbon cycle 
(Sieber et al., 2012). Cellulose is the most abundant biopolymer known and is a major substrate 
for ruminal microbes (Ljungdahl and Eriksson, 1985). In 2004, the Food and Agriculture 
Organization estimated cattle rumen methanogens produce 66 million tons of methane annually 
(FAO, 2006). These microorganisms have complex and poorly understood metabolic interactions 
with each other as well as powerful effects on the animal host and the environment. 
Humans 
Humans ferment dietary fibers in their colon or hindgut (Cummings et al., 1987). Other 
hindgut fermenting animals include horses, zebras, elephants, and kangaroos (Hume and 
Sakaguchi, 1991). Hindgut fermentation encompasses the microbial fermentation that takes place 
in the large intestine (cecum, colon, rectum, and anal canal). As in foregut fermentation, acetate, 
propionate, and butyrate are the primary SCFAs produced, except they are a minor energy source 
(<10% of calories) for humans (Argenzio et al., 1975; McNeil et al., 1978; McNeil, 1984; 
Bergman, 1990; Zoetendal et al., 2012). Similarly to foregut fermenters, some humans are 
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colonized microbes that produce vitamins, although a large amount is lost in the feces (Albert et 
al., 1980; LeBlanc et al., 2011; Zoetendal, 2012). 
As in the rumen, all domains of life and viruses are found in the human gastrointestinal 
tract. There are about as many microbial cells in our body as there are cells of our own (~1013) 
and about 5000 microbial species over all individuals, about 400 of which have been cultivated 
(Zoetendal et al., 2008; Sender et al., 2016). The human GI microbiota acts as a barrier to protect 
us from pathogens (Kamada et al., 2013; Fukuda et al., 2011). The microbes associated with our 
bodies have been found to secrete neurotransmitters and may interact with the vagus nerve, 
indicating a potential role in mental health and other diseases (Bravo et al., 2011; Clemente et al., 
2012). Many of the species observed without cultivation (microscopically, metagenomically) 
may not be viable cells or may be culture-resistant. 
Bacteria are found in the colon at concentrations of ~1011 per gram of stool (Mihajlovski 
et al., 2010; Sekirov et al., 2010). The dominant bacterial phyla in the human GI tract are the 
Bacteroidetes and Firmicutes, which are accompanied by the Actinobacteria, Proteobacteria, 
Tenericutes, Fusobacteria, and Verrumicrobia in lower abundance (Eckburg et al., 2005; Yang et 
al., 2009; The Human Microbiome Project Consortium, 2012; Wolf et al., 2016). When present, 
Archaea are detected in the colon at ~107 and are dominated by one species of methanogen, 
Methanobrevibacter smithii (Weaver et al., 1986; Eckburg et al., 2005; Gaci et al., 2014). 
Eukarya in the GI tract primarily fall into the Ascomycetes phylum and fungi alone consist of up 
to 106 (Rajilić-Stojanović et al., 2007; Scanlan and Marchesi, 2008). 
Conditions in the human intestine change from the proximal (duodenum and jejunum) to 
the distal (descending colon and rectum) regions, from the epithelial surface mucosa to the 
lumen, and from birth until death (Sekirov et al., 2010). This change in populations across these 
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dimensions allows microbial populations to carve out a niche (Duncan et al., 2009). The pH 
between the jejunum and the rectum ranges from 5 to 7 (Cummings et al., 1987; Zoetendal et al., 
2012). The lower pH favors growth of representative strains of Firmicutes and Actinobacteria 
over Bacteroidetes and Proteobacteria (Duncan et al., 2009). Along the small intestine and into 
the colon, the microbial cell density increases from about 103 microbial cells per gram in the 
small intestine to about 1012 microbial cells per gram stool in the descending colon (Sekirov et 
al., 2010). Antibiotics, retention time, pH, host genetics, and diet can have effects on the GI 
microbial composition (Sekirov et al., 2010; Clemente et al., 2012).  
Fiber is an important part of our diets and is fermented in the colon by microbes. Dietary 
fiber refers to plant carbohydrates and lignin, which are not digestible by human enzymes (Food 
and Nutrition Board). Major dietary fibers include any resistant starch or non-starch 
polysaccharide (e.g. cellulose, hemicellulose, fructans) (Cummings et al., 1987; Nakamura et al., 
2010). The major end products of complete human colonic microbial degradation of these fibers 
include SCFAs, carbon dioxide, hydrogen, and methane (Nakamura et al., 2010). These end 
products follow different routes of excretion and metabolism. The host absorbs more than 95% 
of the SCFAs produced, mostly in the cecum and proximal colon (Cummings et al., 1987). The 
carbon dioxide is either consumed by microbes, absorbed by the host, or expelled. 
Hydrogenotrophic microbes consume most of the hydrogen. The remaining hydrogen and all 
methane are expelled (Levitt and Ingelfinger, 1968; McNamara et al., 1985). 
 
Microbial interactions   
Microbial interactions shape community composition, which in turn shapes the chemical 
composition of our planet. Many microbes degrade organic matter, such as the dietary fiber in 
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the GI tract, syntrophically (Sieber et al., 2012). According to Dolfing (2014), syntrophy, a type 
of symbiosis, is defined as “the critical interdependency between producer and consumer”. 
Morris and co-workers (2013) proposed to define syntrophy simply as an “obligately mutualistic 
metabolism”. Others describe it broadly as “the consumption of excreted metabolites by recipient 
microbes [that] can accelerate the metabolism of donor microbes” (Kouzuma et al., 2015). These 
definitions apply to intermicrobial interactions as well host-microbial interactions in the GI tract, 
and elsewhere (Dolfing, 2014; Sommer and Bäckhed, 2013). One way to study these interactions 
is through co-culture, which involves growing two or more microbes together with varying 
degrees of contact (Goers et al., 2014).  
Interspecies communication 
Little is known about how microbes communicate or sense each other during syntrophic 
metabolism. The most well studied mechanism is quorum sensing, which consists of a microbe 
producing a small peptide, autoinducer, or N-acyl homoserine lactone and another microbe (often 
in the same species/group) recognizing it and changing its metabolism as a result (Bäckhed et al., 
2005; Keller and Surette, 2006). Generally, quorum sensing is used to communicate bacterial 
density (Keller and Surette, 2006). A report published in Science described a flagellum-mediated 
methanogenic symbiosis between Pelotomaculum thermopropionicum and 
Methanothermobacter thermautotrophicus (Shimoyama et al., 2009). The P. thermopropionicum 
flagellum adheres to its syntrophic partner to ensure proximity and synchronize their 
metabolisms. Often, species communicate indirectly based on the recognition of environmental 
metabolites (Fischbach and Sonnenburg, 2011).  
There is a known hydrogen-sensing and regulatory Hox apparatus in the aerobic 
hydrogen-oxidizing soil bacterium Cupriavidus necator (formerly Ralstonia eutropha and 
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Alicaligenes eutrophus) (Lenz and Friedrich, 1998; Lenz et al., 2002). Interestingly, HoxBC 
shares features similar to [NiFe]-hydrogenases and interacts with the signal-transducing protein 
kinase HoxJ (Lenz and Freidrich, 1998). Hydrogen-sensing [NiFe]-hydrogenases have only been 
identified in a handful of soil and aquatic bacteria (Vignais et al., 2005; Greening et al., 2015; 
Nagy et al., 2016). Putative sensory [FeFe]-hydrogenases have been identified in R. albus, A. 
woodii, G. sulfurreducens, Clostridium ludense, Desulfosporosinus orientis, and 
Thermoanaerobacter saccharolyticum (Greening et al., 2015). 
 
Interspecies hydrogen transfer  
Competition for hydrogen in the GI tract 
 Interspecies hydrogen transfer (IHT) occurs in anaerobic environments such as the rumen 
and human colon (Chassard and Bernalier-Donadille, 2006). Interspecies hydrogen transfer is the 
process of cooperative electron exchange between species (Kato et al., 2012). Based on 
thermodynamic principles, interspecies hydrogen transfer is a central process in anaerobic 
environments linking transfer of reducing power from fermentation of organic molecules to 
inorganic electron acceptors via hydrogen (Thauer et al., 2008; Morita et al., 2011). Interspecies 
hydrogen transfer is the most significant example of unidirectional substrate supply enabling the 
syntrophic metabolic association between interacting microbial species and plays a significant 
role in the global methane cycle. Hydrogen concentration in the healthy rumen varies between 
0.1-50 µM, depending partially on the feed digestibility and time after feeding (Janssen, 2010). 
About 70% of human gastrointestinal bacteria genetically encode the capability to metabolize 
hydrogen, mostly consisting of species in the dominant Bacteroidetes and Firmicutes phyla 
emphasizing it importance (Wolf et al., 2016). Hydrogen-producers in GI tracts include 
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cellulolytic bacteria such as Fibrobacter spp. and Ruminococcus spp., in addition to many others 
(Denman and McSweeney, 2014; Zheng et al., 2014). Most hydrogen produced is likely 
immediately consumed or turned over without ever entering the hydrogen pool (Wolf et al., 
2016). The major hydrogenotrophic bacteria and archaea (e.g. acetogens, sulfate-reducing 
bacteria, and methanogens) consume some of the hydrogen produced, but a measurable amount 
remains, even in 24 hour-fasted subjects (Levitt and Ingelfinger, 1968; McNamara et al., 1985; 
Nakamura et al., 2010). Other bacteria consume the hydrogen to a lesser degree by the reduction 
of fumarate (Iannotti et al., 1973; Asanuma and Hino, 2000; Kröger et al., 1992), hydrogenation 
of unsaturated fatty acids (Howard and Henderson, 1999), and nitrate reduction (Yoshinari, 
1980; Allison and Macfarlane, 1988).  
The hydrogenotrophic acetogens, sulfate-reducing bacteria, and methanogens are likely 
in competition for the hydrogen in some individuals, but they are not mutually exclusive (Gibson 
et al., 1988; Christl et al., 1992; Gibson et al., 1993; Bernalier et al., 1996). Sulfate-reducing 
bacteria such as Desulfovibrio spp. are ubiquitous (Nava et al., 2012). Roughly a third of the 
human population produce methane and producers may not produce detectable methane every 
day as the presence of methanogens does not mean they are metabolically active (Nottingham 
and Hungate, 1968; Bond and Levitt, 1971; Pitt et al., 1980; Nava et al., 2012). The proportion of 
individuals with methanogens present in their colon may increase with age (Weaver et al., 1986; 
Mihajlovski et al., 2010). Acetogens are estimated to be present between 102 and 108 per gram 
feces and are negatively correlated with the presence of methanogenic archaea (Doré et al., 1995; 
Bernalier et al., 1996). Acetogens consume hydrogen to produce acetate, which unlike the 
methane from methanogens and sulfide from sulfate-reducing bacteria, can be used for energy in 
humans and their microbes (Fischbach and Sonnenburg, 2011; Schuchmann and Müller, 2014). 
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Sulfate-reducing bacteria are able to outcompete methanogens and acetogens for hydrogen 
because they can consume it at a lower hydrogen partial pressure due to the high thermodynamic 
favorability of hydrogen-consumption in these bacteria (Gibson et al., 1988; Huycke and 
Gaskins, 2004).  
History of IHT 
IHT was first identified at the University of Illinois (Bryant et al., 1967). A culture of 
Methanobacillus omelianskii was revealed to be a mixture of two species, whose hydrogen-based 
symbiosis allowed them to avoid detection for over two decades. Once separated, the researchers 
observed one bacterium, the “S” organism, was capable of oxidizing ethanol to acetate and 
hydrogen (reaction A), but only under low hydrogen partial pressure. 
CH3CH2OH + H2O → CH3COO- + H+ + 2 H2                         (A) 
The “M” organism, classified as M. omelianskii (now Methanobacterium bryantii MoH), 
was unable to utilize ethanol for growth, but was able to convert hydrogen and carbon dioxide to 
methane and water (reaction B; Stams and Plugge, 2009). 
4 H2 + CO2 → CH4 + 2 H2O                                        (B) 
The ethanol-oxidizing “S” organism was unable to grow well unless it was in co-culture 
with the methane-producing “M” organism. The “S” organism produced hydrogen, which was 
consumed by the “M” organism, increasing the thermodynamic favorability of ethanol oxidation. 
This process was soon after termed interspecies hydrogen transfer (Iannotti et al., 1973). 
Interestingly, these two organisms were originally part of a triculture that was isolated from an 
enrichment of mud taken from the Delft in the Netherlands that also included Clostridium 
kluyveri, which oxidizes ethanol and produces hydrogen (Barker, 1937; Seedorf et al., 2008).  
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 Since the initial IHT discovery between the ethanol-oxidizing bacterium and the 
methanogenic archaeon, IHT has been discovered between other microbes. IHT has been 
observed between multiple species of cellulolytic and fumarate-respiring bacteria (Iannotti et al., 
1973; Asanuma and Hino, 2000). Often, methanogenic archaea are found residing inside 
hydrogenosomes in cellulolytic eukaryotes (Bauchop and Mountfort, 1981; Mountfort et al., 
1982). A recent example of syntrophic IHT is between the unicellular hydrogen-producing 
protest L. limosa and the hydrogen-consuming bacterium Arcobacter (Hamann et al., 2016). 
Methanogens and other symbiotic hydrogen-consumers often reside inside protists or fungi, 
where they form symbiotic associations (Mountfort et al., 1982; Tokura et al., 1999; Hamann et 
al., 2016). In addition, a bacterium capable of both IHT and direct interspecies electron transfer 
was analyzed for metatranscriptomic responses to these interactions (Shrestha et al., 2013). 
Hydrogenases 
 Hydrogenases are essential to interspecies hydrogen transfer (reaction C, EC 1.12). They 
catalyze the reversible reduction of protons coupled to the oxidation of H2 (Greening et al., 2015; 
Poudel et al., 2016).  
2 e- + 2 H+ ↔  H2                     (C) 
Hydrogenases contain one of three metal centers ([NiFe], [FeFe], or [Fe]), which bind hydrogen 
and occur across all domains of life (Greening et al., 2015; Vignais and Billoud, 2007). The 
[NiFe]-hydrogenases are the most diverse and widespread of these groups (Greening et al., 
2015). The [FeFe]-hydrogenases are much less well understood (Greening et al., 2015). 
Hydrogenase reactions are coupled to other redox reactions such as the oxidation or reduction of 
NADH/NAD+, Fdred/Fdox, and/or butyryl-CoA/crotonyl-CoA; the direction of the hydrogenase 
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(hydrogenogenic or hydrogenotrophic) is dependent on the environment (Buckel and Thauer, 
2013; Zheng et al., 2014). 
Electron bifurcation  
Electron bifurcation is the splitting of two electrons from a single molecule into two 
accepting molecules, one molecule with a higher redox potential, and another molecule with a 
lower redox potential than the original molecule (Li et al., 2007; Herrmann et al., 2007). These 
reactions use a highly favorable reaction to drive an unfavorable reaction, which might be useful 
for living at the thermodynamic limit (Schuchmann and Müller, 2014). The reversal of electron 
bifurcation is called electron confurcation, where two electrons from separate molecules are 
combined (Buckel and Thauer, 2013; Schink, 2015). Electron bifurcation was conceptualized by 
Peter Mitchell in 1975, he speculated that electron bifurcation could be coupled to proton 
pumping as a part of electron transport chains in membranes and we now know this as the 
quinone cycle (Mitchell, 1975). Cytoplasmic flavin-based electron bifurcation is a novel process 
which was first described less than a decade ago by the laboratory of Wolfgang Buckel who was 
studying the Etf-Bcd (electron-transferring flavoprotein-butyryl-CoA dehydrogenase) enzyme 
complex in Clostridium kluyveri (Li et al., 2007; Herrmann et al., 2007). Electron bifurcation and 
electron confurcation conserve energy in the cell. In fact, this new form of electron bifurcation is 
considered to be a third mechanism of energy conservation for cells, in addition to substrate-
level phosphorylation and electron transport chains, highlighting the significance of these 
enzymes, especially in anaerobes (Thauer et al., 1977; Herrmann et al., 2007, Buckel and 
Thauer, 2013).  
 Since the original discovery of flavin-based electron-bifurcation, many electron 
bifurcating hydrogenases have been described in bacteria and archaea including Thermotoga 
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maritima, Acidominococcus fermentans, Acetobacterium woodii, Clostridium acidiurici, 
Clostridium autoethanogenum, Moorella thermoacetica, Ruminococcus albus, and 
Methanothermobacter marburgensis (Schut and Adams, 2009; Kaster et al., 2011; Huang et al., 
2012; Chowdhury et al., 2013; Bertsch et al., 2013; Wang et al., 2013a; Wang et al., 2013b; 
Wang et al., 2013c; Zheng et al., 2014). According to genomic analyses, 20-30% of all 
hydrogen-producing anaerobes are predicted to have an electron-bifurcating hydrogenase (Schut 
and Adams, 2009; Wolf et al., 2016). Recently, a study was published describing three structural 
and functional groups of the [FeFe]-hydrogenases, based mainly on the classification of the 
HydA catalytic subunit (Poudel et al., 2016). Based on a bioinformatics analysis and some 
biochemical analyses, the researchers predicted [FeFe]-hydrogenases are capable of electron-
bifurcation due to the presence of the HydB and HydC subunits (NADH dehydrogenase large 
and small subunits), rather than an alteration in HydA. Thus, organisms with [FeFe]-
hydrogenases containing all three subunits (HydABC) might be capable of electron bifurcation. 
 
Interspecies electron transfer  
Electrons are transferred between species in directly (mediated by pili or minerals) as 
well as by indirect transfer mechanisms (mediated by cysteine, sulfur compounds, humic 
substances, formate, and hydrogen) (Shrestha and Rotaru, 2014; Lovley et al., 1996; Hong et al., 
2012; Schink and Stams, 2013; Kaden et al., 2002). An example of direct electron transfer was 
described in 2011 in an upflow anaerobic sludge blanket from Anheuser-Busch brewery waste 
(Morita et al., 2011). The electrically conductive microbial aggregates contained 23 microbial 
species, primarily Methanosaeta concilii and Geobacter daltonii. Geobacter spp. are well known 
for their ability to transfer electrons to metals and electrodes (Morita et al., 2011). Methanosaeta 
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spp. are methanogens known to initiate formation of aggregates in digesters, and the formation of 
these aggregates can facilitate interspecies electron transfer (Morita et al., 2011). These 
aggregates can facilite electron transfer, but are not required (Kouzuma et al., 2015). One study 
transferred a co-culture of two bacteria participating in interspecies hydrogen/formate transfer 
for 400 generations and aggregate formation never occurred (Rotaru et al., 2012).  
In addition, direct electron transfer via pili (nanowires) has been identified in a number of 
bacteria including between two other Geobacter species: G. metallireducens and G. 
sulfurreducens. G. sulfurreducens can use fumarate as an electron acceptor, and is hypothesized 
to also accept electrons from cytochromes on the outer surface of G. metallireducens (Summers 
et al., 2010). To aid in the transfer of electrons, the electron-accepting cytochromes may be 
localized on electrically conductive pili and these Geobacter species form aggregates to mediate 
this electron transfer (Summers et al., 2010).  
 
Organisms used in this study 
The bacteria chosen for this study were R. albus and W. succinogenes, which participate 
in IHT (Iannotti et al., 1973). They were both isolated from a bovine rumen. They use different 
carbon and electron donors for growth; R. albus is fermentative and W. succinogenes respires 
anaerobically. Both are anaerobes and require careful anaerobic media preparation for successful 
cultivation and avoidance of oxygen toxicity (Hungate, 1950; Bryant and Robinson, 1961; 
Hungate, 1969; Hentges, 1996). 
Ruminococcus albus 
 R. albus 7, the type strain used in this study, was isolated from the bovine rumen by 
Hungate in 1951 (Hungate, 1957). R. albus is a Gram-positive Firmicute, which degrades 
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cellulose and hemicellulose (Pavlostathis et al., 1990; Thurston et al., 1993; Weimer et al., 2006; 
Moon et al., 2011). Its genome was sequenced in 2011 (Suen et al., 2011). R. albus has branched 
catabolic pathways, which increases its metabolic flexibility when growing on glucose or 
cellobiose (Figure 2; Joyner and Baldwin, 1966; Iannotti et al., 1973; Miller and Wolin, 1973; 
White, 2000; Zheng et al., 2014). R. albus produces ethanol via bifunctional alcohol 
dehydrogenase/aldehyde dehydrogenases and acetate via the acetate kinase and phosphate 
acetyltransferase (Ack-Pta) pathway. Mixed acid fermentation yields one acetate, one ethanol, 
one carbon dioxide, two hydrogen molecules, and three ATP. Alternatively, fermentation to only 
acetate yields two acetate, no ethanol, one carbon dioxide, four hydrogen molecules, and four 
ATP. 
R. albus converts glucose to pyruvate via glycolysis, consuming two NAD+ and yielding 
two ATP, two NADH, and two pyruvate which are then reduced to acetyl-CoA, carbon dioxide 
and hydrogen by pyruvate:ferredoxin oxidoreductase (PFOR; reaction D) or pyruvate formate 
lyase (PFL; reaction E) (Zheng et al., 2014). 
CH3COCOOH + CoA + Fdox → CH3CO-SCoA + CO2 + 2 H+ + Fdred              (D) 
CH3COCOOH + CoA → CH3CO-SCoA + HCOOH                                E) 
R. albus 7 contains three [FeFe]-hydrogenases: HydA2, HydABC, and HydS (Zheng et 
al., 2014). According to Greening et al. (2015), R. albus’s hydrogenases would be classified as a 
bifurcating [FeFe]-hydrogenase (HydABC), prototypical [FeFe]-hydrogenase (HydA2) and 
putative sensory [FeFe]-hydrogenase (HydS). These assignments agree with a biochemical 
analysis of these hydrogenases (Zheng et al., 2014). Oxidation of Fdred is essential for pyruvate 
oxidation by PFOR to continue. Two hydrogenases in R. albus are known to be capable of 
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oxidizing Fdred by reducing protons to hydrogen, HydA2 and HydABC. The first is HydA2, 
which reduces protons to oxidize Fdred (reaction F; Zheng et al., 2014). 
Fdred + 2 H+ → Fdox + H2                                                           (F) 
The second is HydABC, which catalyzes the same reaction, but is also capable of 
oxidizing NADH to NAD+ by electron bifurcation, in the direction of confurcation, and produces 
two hydrogen molecules (reaction G; Zheng et al., 2014). 
Fdred + 3 H+ + NADH → Fdox + 2 H2 + NAD+                                        (G) 
HydABC also re-oxidizes NADH, which is essential for glycolysis to continue. If R. 
albus uses HydA2, acetyl-CoA is used as an electron sink for NADH, producing ethanol (Figure 
1). Thus, when R. albus is growing on glucose, it is advantageous for it to use HydABC to 
regenerate Fdox because it also regenerates NAD+. This allows the bacterium to reduce the 
acetyl-CoA pool to acetate, yielding four ATP per glucose, compared to mixed acid 
fermentation, which yields only three ATP per glucose. These two hydrogenases vary in terms of 
their sensitivity to hydrogen concentrations. HydABC is only capable of catalysis at low 
hydrogen partial pressures, whereas the HydA2 reaction is thermodynamically favorable at 
higher hydrogen partial pressures. The removal of hydrogen allows R. albus to use HydABC 
longer and increase its ATP yield (Zheng et al., 2014).  
The third hydrogenase, HydS, does not reduce protons; rather, it may have a role in 
sensing hydrogen partial pressures (Zheng et al., 2014; Greening et al., 2015). HydS contains a 
redox-sensing [4Fe:4S] cluster and a PAS (Per-Arnt-Sim) domain, which in other proteins is 
often used to sense the presence of a gas molecule or the environmental redox potential, and is 
capable of signal transduction (Henry and Crosson, 2011).  
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Wolinella succinogenes 
W. succinogenes, isolated at the University of Illinois, is a Gram-negative curved 
bacterium with a single polar flagellum, and may tolerate up to 2% oxygen (Wolin et al., 1961; 
Schumacher et al., 1992). The original name for this species was Vibrio succinogenes but the 
genus name was changed to Wolinella in 1981 (Tanner et al., 1981). The genus Wolinella has 
only one publically available strain, DSM 1740, the type strain (Simon et al., 2006). In 2003, the 
genome was sequenced (Baar et al., 2003). Although W. succinogenes has not been shown to be 
pathogenic, it shares the order Campylobacterales with known human Biosafety Level 2 
pathogens Helicobacter pylori and Campylobacter jejuni (Simon et al., 2006). Many W. 
succinogenes proteins are very similar to the ones in these pathogens allowing labs to study 
pathogens indirectly with this bacterium (Nasiri et al., 2013).  
W. succinogenes uses hydrogen or formate as electron donors for anaerobic respiration 
(Figure 2; Wolin et al., 1961). In addition to hydrogen present at low levels, formate can be 
detected in small quantities in the human intestine and in the rumen (Hungate et al., 1970; 
Zoetendal et al., 2012). W. succinogenes has one hydrogenase, HydABC, a prototypical [NiFe]-
hydrogenase that sits in the cytoplasmic membrane and oxidizes hydrogen and shuttles the 
electrons onto menaquinone (MK) in the membrane (Gross et al., 1998; Greening et al., 2016). 
The MK primarily used by W. succinogenes is 2-methyl-3-hexaprenyl-1,4-naphthoquinone, 
although when grown on a rich formate-fumarate medium, about one-fourth of the quinone pool 
may be made up of a methyl-substituted MK (Collins and Fernandez, 1984). In W. succinogenes, 
MK accepts two protons from the cytoplasm and loses the protons back to the cytoplasm as it 
donates the electrons to fumarate reductase (FrdABC) (Geisler et al., 1994). Hydrogen oxidation 
to protons in the cytoplasm produces two protons and fumarate reduction in the periplasm 
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consumes two protons (Figure 2). Calculations of proton transfer indicate a gradient of 2 H+ per 
H2 (1 H+ per electron) is generated for synthesis of ATP via ATP synthase (Mell et al., 1986; 
Geisler et al., 1994; Vignais and Billoud, 2007). 
Identified electron acceptors include fumarate (Kröger et al., 1992; Simon et al., 1998), 
malate (Wolin et al., 1961), nitrate and nitrous oxide (Yoshinari, 1980), polysulfide (Dietrich and 
Klimmek, 2002), and nitrite (Bokranz et al., 1983). A study observed co-respiration of fumarate 
and nitrate in W. succinogenes and neither was the preferential electron acceptor (Lorenzen et al., 
1993). Fumarate respiration is a widespread type of anaerobic respiration, which may be because 
fumarate is a component in central carbon metabolism for many organisms (Kröger et al., 1992). 
The structure of fumarate reductase has been solved and its activity has been characterized 
(Lancaster et al., 1999; Junhke et al., 2009). Fumarate reductase is a heterohexamer consisting of 
two dimers of FrdABC. Each dimer transfers electrons such that the complex transfers electrons 
first from menaquinol to haem groups (on FrdC), to Fe-S clusters (on FrdB), and to FAD (on 
FrdA), which donates the electrons to fumarate, the final electron acceptor (Madej et al., 2006; 
Vignais and Billoud, 2007; Lancaster, 2002). 
Other species identified in the GI tract that are capable of respiring on fumarate include 
Escherichia coli, Fibrobacter succinogenes, Selenomonas ruminantium, and Veillonella parvula 
(Cole et al., 1985; Kröger et al., 1992; Asanuma et al., 1999). Less than 1.0 mmol fumarate/kg is 
detectable in human intestinal contents (Cummings et al., 1987). The addition of fumarate to the 
diet of ruminants decreased their methane production, although this is not likely to be due to 
fumarate-reducers outcompeting other hydrogenotrophs, but rather may be due to a decrease in 
dry matter intake (Molano et al., 2008; Foley et al., 2009; Wood et al., 2009).  
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Objectives  
In this study, R. albus, a hydrogen-producing bacterium with an electron-bifurcating 
hydrogenase, and W. succinogenes, a hydrogen-consuming bacterium, were grown in pure 
culture and in co-culture in order to identify how they respond to IHT on a metabolic and 
molecular level. IHT is known to occur in the gastrointestinal tract, but little is known about how 
the interaction is mediated. Previous studies have indicated that these two organisms participate 
in IHT, but the transcriptional response had not been studied (Iannotti et al., 1973).  
To identify how the bacteria interact in co-culture, their growth rates, maximum growth, 
metabolites, and transcriptomic profiles in pure vs. co-culture were compared. To test the 
hypothesis that growth rates and maximum growth would increase in co-culture. To test this 
hypothesis, cell density was monitored spectrophotometrically and qPCR was used to quantify 
the number of genome copies present.  Next, how the metabolic flux in the bacteria was altered 
when in co-culture was investigated. The electron bifurcating hydrogenase in R. albus is NAD- 
and Fd-dependent and it was anticipated that it would sallow R. albus to shift from mixed acid 
fermentation to acetate production, increasing its ATP yield. In addition, W. succinogenes 
reduces fumarate to succinate using hydrogen or formate as an electron donor. To observe any 
shifts in metabolite production or consumption, we measured acetate, ethanol, formate, 
hydrogen, fumarate, and succinate levels were measured during growth using gas and liquid 
chromatography. Lastly, the hypothesis that there would be a transcriptional response based on 
IHT was tested. We hypothesized HydS transcriptionally regulates HydA2 in a manner 
dependent on the presence of a hydrogen-utilizing syntroph. To identify this and other changes in 
gene expression, we sequenced their transcriptional profiles were assessed using RNA-seq, a 
powerful tool capable of making precise measurements of global transcriptomes (Wang et al., 
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2009). The goal was to identify new genes that were altered in co-culture to elucidate novel 
mechanisms of communication between bacteria participating in interspecies hydrogen transfer. 
These gene expression patterns may help investigate IHT in more complex environments such as 
the gastrointestinal tract.  
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MATERIALS AND METHODS 
 
Strain selection and maintenance 
Ruminococcus albus 7 and Wolinella succinogenes DSM 1740 were isolated from the 
bovine rumen (Bryant et al., 1958; Wolin et al., 1961; Iannotti et al., 1973). These organisms 
have closed genome sequences (Baar et al., 2003; Suen et al., 2011). R. albus 7 was obtained 
from Paul Weimer (USDA, Madison, WI) and the identity was verified by 16S sequencing. 
Wolinella succinogenes DSM 1740 was obtained from the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ). All strains were maintained in 3% agar slants 
modified Balch’s medium stocks (mBalch’s, see “Culture conditions”) and stored in the vapor 
phase at -160°C of a liquid nitrogen storage dewar. 
Culture conditions 
All culturing was done strictly anaerobically in mBalch’s medium (see Appendix A) at 
37°C (Balch et al., 1979). Precultures were grown in Balch tubes (18 x 150 mm) sealed with 
butyl rubber stoppers and secured with aluminum seals (Chemglass Life Sciences, Vineland, 
NJ). Each tube or vial was filled to 20% of total vessel volume with culture medium. The 
headspace consisted of 20% CO2 and 80% N2 for R. albus pure cultures and the co-culture, and 
20% CO2 and 80% H2 for W. succinogenes growth. Two pre-cultures were grown before final 
inoculation, and all inoculum transfers were 5% (v/v).  
Growth analyses 
Bacterial growth was analyzed in 118 ml of mBalch’s medium in Pyrex side-arm flasks 
(Corning Inc., Corning, NY) for spectrophotometric analyses. OD600 measurements were taken 
every hour. Cultures were periodically sampled at times 0, 3, 5, 7, 9, and 11 h for DNA 
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extraction and metabolite analysis. Culture samples were immediately centrifuged at 16,000 x g 
in a bench-top centrifuge (Eppendorf, Hamburg, Germany). The supernatant was collected and 
centrifuged again (16,000 x g, 10 min.) before HPLC analysis. Cell pellets and supernatants were 
stored at -20°C until analysis.  
Gas chromatography 
 Each culture was sampled at 0 h and 24 h for gas composition. Molecular hydrogen was 
quantified using a gas chromatograph (GC; Gow-Mac Series 580 Thermal Conductivity Gas 
Chromatograph, Gow-Mac Instrument Co., Bethlehem, PA). Samples were withdrawn directly 
from the culture tube in a gas-tight syringe and 0.5 ml was injected into GC for analysis using N2 
as the carrier gas. The flow rate was 60 ml/min. The detector was set to 80°C, the injector was 
set to 80°C and the oven was set to 75°C. Peak retention times and peak area were compared to 
standards of known concentration. 
Liquid chromatography 
 Supernatants were analyzed for formate, ethanol, acetate, fumarate and succinate with an 
Ultra Fast Liquid Chromatograph (UFLC; Shimadzu, Kyoto, Japan). The UFLC consisted of a 
DGU-20A5 degasser, a SIL-20ACHT autosampler, an LC-20AT solvent delivery unit, an RID-
10A refractive index detector, a CBM-20A system controller, and a CTO-20AC column oven. 
The software used for analysis was LC Solution (Shimadzu). The mobile phase was 5mM H2SO4 
with a flow rate of 0.4 ml/min at 25°C through an Aminex HPX-87H ion exclusion column (Bio-
Rad, Hercules, CA). Peak retention times and peak area were compared to standards of known 
concentration. 
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DNA extractions 
Cell pellets were thawed on ice and resuspended in 400 µL of fresh lysis buffer 
consisting of 25mM sodium phosphate buffer (pH 7.0), 25 mM EDTA, 0.5% (w/v) SDS, 25 mM 
lysozyme, 250 U/ml mutanolysin, and 150 µg/ml proteinase K. Tubes were incubated for 30 min. 
at 55°C and mixed in a bench-top Vortex Mixer (Thermo Fisher Scientific, Waltham, MA) every 
5 min. The remainder of the DNA extraction was carried out using a Fungal/Bacterial DNA 
MiniPrepTM kit following a modified manufacturer’s protocol (Zymo Research, Irvine, CA). 
Cells were disrupted by bead beating at maximum speed using a bench-top vortex attachment for 
2 minutes. An on-column RNAse digestion was done. DNA was eluted with 25 µL of molecular-
biology grade water. DNA was quantified and analyzed for purity using Nanodrop UV-Vis 
Spectrophotometer model 2300c (Thermo Fisher Scientific). DNA size and quality was 
confirmed using gel electrophoresis. DNA was then stored at -20°C until gene abundance 
quantification was done. 
Primer design and synthesis 
Primers for qPCR were designed using IDT PrimerQuest (Integrated DNA Technologies, 
Coralville, IA). Genes for amplification were chosen based on their uniqueness to the bacterium 
and also had to be present at one copy per genome for accurate quantification. For R. albus, 
Rumal_2867, an ROK family glucokinase gene, was selected. For W. succinogenes, flgL 
(WS0498), a flagellar hook-associated protein gene, was selected. Primers were designed within 
these genes to be 20-30 nucleotides long with an amplicon of 100-150 nucleotides, have a 
melting temperature of 57-63°C, 50-60% GC content, and end with a C or G. Primer sequences 
are shown in Table 1. Primers were validated to be specific for their organism with no cross-
amplification detected. 
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Gene abundance quantification  
Quantitative PCR (qPCR) was used to approximate the number of copies of each genome 
during culture growth. DNA was amplified using a LightCycler 480 (Roche Holding AG, Basel, 
Switzerland) and quantified using iTaq Universal SYBR Green (Bio-Rad). Amplicons of each 
selected gene (flgL and Rumal_2867) were cloned into a pGEM-T Easy vector (Promega, 
Madison, WI) and used for external standardization. Vector inserts were sequenced by the W. M. 
Keck Center for Functional and Comparative Genomics (Urbana, IL) to confirm proper insertion. 
Each reaction contained less than 2.5 ng/µL DNA and 0.5 M final concentration of each primer. 
The amplification conditions were as follows: initial denaturation for 5 min. at 95°C, 40 
amplification cycles (15 s at 95°C, 20 s at 60°C, 10 s at 68°C), and final extension for 5 min. at 
68°C. Three biological replicates and three technical replicates were done. Following 
manufacturer’s protocol, fluorescence was read during the extension phase of each cycle. Two-
tailed tests were done using SAS Studio (SAS Institute Inc., Cary, NC) to compare growth rates 
between single and co-cultures. Tests were done at a significance level of p=0.05. All 
populations were normally and independently distributed with equal variances.  
Transcriptomic analysis experimental design 
The transcriptomic analysis cultures were grown in Balch tubes. Each pure culture and 
co-culture was tested in duplicate. Growth was monitored until the cultures were in mid-log 
phase; the change in A600 at mid-log phase was 0.14 for W. succinogenes, 0.20 for R. albus, and 
0.35 for the co-culture of R. albus and W. succinogenes. At mid-log phase, 5 ml cultures were 
transferred into 15 ml conical tubes (Falcon, Thermo Fisher Scientific). A 20 µL sample was 
removed for light microscopy to confirm culture purity (Nikon Eclipse E400, Fryer Co. Inc., 
Huntley, IL). Cells were then immediately pelleted by centrifugation at 4°C and 13,000 x g. The 
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supernatant was discarded and pellets were frozen at -80°C for less than 24 h before cell lysis 
and RNA extraction.  
RNA extractions 
 All equipment was thoroughly cleaned and treated with RNase AWAY Decontamination 
Reagent (Sigma, St. Louis, MO) before extracting RNA. Cell pellets were resuspended in 400 µL 
fresh lysis buffer consisting of 5 mM EDTA, 0.5% (w/v) SDS, 25 mM lysozyme, 250 U/ml 
mutanolysin, and 150 µg/ml Proteinase K in 25 mM sodium-phosphate buffer (pH 7.0). Cell 
suspensions were incubated for 30 minutes at 55°C and were mixed in a bench-top Vortex Mixer 
(Thermo Fisher Scientific) every 5 minutes. For the remainder of the RNA extraction, an RNeasy 
Mini Kit was used (Qiagen, Hilden, Germany). All optional steps were done. RNA was eluted 
with 50 µL of Ultra-pure DEPC-treated water (Invitrogen, Carlsbad, CA). 42 µL of eluate was 
aliquoted and frozen at -80°C immediately. The remainder of the eluate was quantified with a 
Qubit Fluorometer (Invitrogen, Carlsbad, CA). RNA was quantified spectrophotometrically and 
analyzed for purity using Nanodrop UV-Vis Spectrophotometer (Thermo Fisher Scientific, 
model 2300c). RNA size and quality was confirmed using gel electrophoresis.  RNA was then 
stored at -80°C until sequencing. 
RNA sequencing and analysis  
 RNA sequencing (RNA-seq) was done to compare gene expression levels between 
growth in single and co-culture. Bacterial ribosomal RNAs were removed from 10 µg of total 
RNA with the MicrobExpress Kit (Life Technologies, Carlsbad, CA). The enriched messenger 
RNA (mRNA) fraction was converted to RNA-seq libraries using the Tru-Seq Stranded RNA 
Sample Prep Kit (Illumina, San Diego, CA). The barcoded libraries were pooled in equimolar 
concentration and the pool was analyzed by qPCR and sequenced on one lane for 101 cycles on a 
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HiSeq2000 using a TruSeq SBS Sequencing Kit (Version 3). Fastq files were generated and 
demultiplexed with the bc12fastq Conversion Software (Illumina version 1.8.4).  
 The RNA-seq data were analyzed using CLC Genomics Workbench version 5.5.1 (CLC 
Bio, Cambridge, MA). The genomic sequences of R. albus 7 (GenBank accession numbers: 
NC_014833 for the chromosome and NC_014824, NC_014825, NC_014826, and NC_014827 
for the plasmids) and W. succinogenes DSM 1740 (NC_005090) were used as the reference 
genomes. RNA-seq reads were mapped onto the reference sequences. Reads were only 
assembled if the fraction of the read that aligned with the reference genome was greater than 0.9 
and if the read matched other regions of the reference genome at less than 10 nucleotide 
positions. The RNA-seq output files were analyzed for statistical significance using the 
proportion-based test of Baggerly et al. (2003). Predicted subsystems and functions were 
downloaded and aligned to the RNA-seq transcriptional data using the NMPDR (National 
Microbial Pathogens Data Resource) RAST (Rapid Annotation using Subsystem Technology) 
server (Aziz et al., 2008). 
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RESULTS 
 
Growth of Ruminococcus albus and Wolinella succinogenes 
 An anaerobic culture medium was developed that was suitable for the growth of both 
Ruminococcus albus 7 and Wolinella succinogenes DSM 1740 both in pure culture and in co-
culture with each other. It contained cellobiose as a carbon and energy source for R. albus, and 
fumarate as a carbon source and electron acceptor for W. succinogenes (see Appendix A for 
more details). W. succinogenes was unable grow in the basal medium without providing an 
additional electron source, such as hydrogen. Hydrogen was added to the headspace of the pure 
culture of W. succinogenes only. Pure cultures and the co-culture were grown in triplicate and 
their growth was monitored spectrophotometrically (OD600) until stationary phase (Figure 3). 
The pH of the uninoculated medium was 7.2. The pH of the R. albus pure culture, the W. 
succinogenes pure culture, and the co-culture at 24 h was 6.8, 6.8, and 6.6, respectively. 
The maximum change in optical density (ΔOD600) was 0.79, 0.36, and 0.93 for R. albus, 
W. succinogenes, and co-culture, respectively (Table 2). Growth curves showed no diauxic 
growth. The log-phase growth rates, based on OD600, were 0.37, 0.52, and 0.42 h-1 for R. albus, 
W. succinogenes, and the co-culture, respectively (Table 2). To differentiate the growth of the 
bacteria in the co-culture, we analyzed their genome copy number using qPCR (Figure 4). This 
was done using a gene unique to each organism, which was present at one copy per genome and 
therefore a genome equivalent. For R. albus, Rumal_2867, an ROK family glucokinase gene, 
was selected. For W. succinogenes, flgL, a flagellar hook-associated protein gene, was selected. 
The growth rates based on qPCR gene quantification were 0.58 and 0.33 h-1 for R. albus and W. 
succinogenes in pure culture, and 0.57 h-1 and 0.54 h-1 for R. albus and W. succinogenes in co-
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culture, respectively (Table 3). Based on qPCR, R. albus did not grow significantly faster in co-
culture, but W. succinogenes did have a significantly faster growth rate in co-culture and had an 
increased log fold-change. At no point was the formation of aggregates identified. 
 
Changes in metabolite concentrations during growth 
Initially, there was no detectable hydrogen in the R. albus pure culture or in the co-
culture. At 24 h, there was 5.2 ml hydrogen detected in the R. albus pure culture and no 
hydrogen detected in the co-culture with W. succinogenes demonstrating that W. succinogenes 
utilized all the hydrogen that was produced. Changes in the concentrations of acetate, fumarate, 
succinate, and ethanol over time are shown in Figure 5. Fumarate was completely depleted by 
11 h when W. succinogenes was present in the culture. Succinate concentrations rose from 6.0 
mM to 60.6 mM in W. succinogenes pure culture and similarly, from 5.1 mM to 60.5 mM in co-
culture with R. albus.  As expected, fumarate and succinate concentrations did not change 
significantly in R. albus pure culture. Acetate concentrations increased from 68.4 mM to 90.2 
mM in R. albus pure culture and increased by a larger magnitude, from 65.7 mM to 98.1 mM, in 
co-culture with W. succinogenes. Ethanol concentrations increased from 5.6 mM to 14.3 mM in 
R. albus pure culture and only slightly increased, from 5.8 mM to 6.1 mM, in co-culture with W. 
succinogenes. As expected, acetate and ethanol concentrations did not change significantly in W. 
succinogenes pure culture. Formate was not detected at any point in any culture. 
 
Transcriptomic analyses 
 After enriching for mRNA, there were 31.3 million (M) reads for R. albus pure culture, 
27.4 M reads for W. succinogenes pure culture, and 30.9 M reads for the R. albus-W. 
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succinogenes co-culture. These reads, after trimming and quality control, were mapped to the 
appropriate genomes. For the single cultures, 79% and 75% of the reads were uniquely mapped 
to the genome, for R. albus and W. succinogenes, respectively. For the co-cultures, 36% and 40% 
of the reads were uniquely mapped to the genome, for R. albus and W. succinogenes, 
respectively, leaving 24% unmapped. See Table 4 for additional details from the RNA-seq read 
mapping. A comparison of their genome annotations based on the NMPDR (National Microbial 
Pathogens Data Resource) RAST (Rapid Annotation using Subsystem Technology) server is 
presented in Figure 6 (Aziz et al., 2008). In Figure 7, an overview of the transcriptomic analysis 
for each bacterium is shown. Figure 8 shows a comparison of the subsystems that had a 
significant change in transcript abundance between R. albus and W. succinogenes.  
For differential gene expression, a 2-fold cutoff and p=0.05 for significance was chosen 
for this study. Choosing these cutoffs is, in the words of Dalman et al., (2012) “more of an art 
than a science” and requires follow-up work to validate any hypotheses. In R. albus, 25% of the 
genes had a RAST-predicted function and in W. succinogenes, that number rose to 53% of the 
genes (Figure 6). Many of the most highly transcribed genes and most up- and down regulated 
genes in co-culture are of unknown function. The genomes of most organisms are less than half 
characterized; there are only a small number of organisms for which over half of the genes have 
been experimentally studied and the data presented here will continue to be useful as more genes 
are predicted and characterized (Galperin and Koonin, 2010; Riley et al., 2006). Despite this, 
thousands of genes in each genome have been predicted based on similarity to characterized 
proteins.  
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Ruminococcus albus transcriptomic analysis 
 R. albus 7 has a closed genome sequence encoding 3872 open reading frames, excluding 
rRNA and tRNA genes. Reads from RNA-seq mapped to 3872 genes (100.0% coverage). We 
then matched these genes with the subsystems listed in the RAST system. Of these, 963 genes 
had a statistically significant change in transcript abundance between pure culture and co-culture. 
Of the genes with a statistically significant change in transcript abundance, 361 had a RAST 
subsystem other than “none” listed. Most genes did not have a large change in transcript 
abundance (less than 2-fold change). Only 45 genes had a statistically significant 2-fold or 
greater change in transcript abundance and had an identified RAST subsystem. These 45 genes 
make up 1.2% of the total genome. See Figure 9 for the fold-change of mapped genes in R. 
albus. For the transcriptomic analysis sections, a significant change in transcript abundance 
refers to a 2-fold change or greater in co-culture compared to single culture, with a p<0.05. Due 
to the large volume of genes with significant changes in transcript abundances, we chose the ten 
subsystems with the greatest number of genes and/or the highest fold-changes to analyze in 
greater detail. See Appendix B for detailed information on the genes in the top ten subsystems in 
R. albus. 
Thiamin biosynthesis 
Even though thiamin hydrochloride was present in the medium at a concentration of 0.25 
mg/L, nine genes predicted to be involved in thiamin (vitamin B1) biosynthesis had a significant 
change in transcript abundance of 2-fold or greater in co-culture, as compared to pure culture. 
Eight of the genes are in a cluster of neighboring genes that had a significant increase in 
transcript abundance in co-culture of 3.43-fold to 4.75-fold: Rumal_2155 (thiS), Rumal_2156 
(thiF), Rumal_2157 (thiG), Rumal_2158 (thiH), Rumal_2159 (thiE), Rumal_2160 (thiE), 
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Rumal_2161 (thiD), Rumal_2162 (thiC). These genes are in a pathway predicted to convert 
purines to 1-(5’-phosphoribosyl)-5-aminoimidazole (AIR), and then to thiamin diphosphate, or 
thiamin pyrophosphate (TPP). The other gene predicted to be involved in thiamin biosynthesis, 
Rumal_2033, had a 148.63-fold decrease in transcript abundance. It is annotated as a binding-
protein-dependent transport systems inner membrane component. The other genes nearby 
(Rumal_2028 through Rumal_2034) also have a very large decrease in transcript abundance 
(99.30-fold to 153.71-fold decrease) and are putative transporters, acyltransferases, and 
hypothetical proteins; none are predicted to be involved in thiamin biosynthesis. Only two genes 
in the thiamin biosynthesis subsystem did not have a significant change in transcript abundance 
in co-culture.   
De novo purine biosynthesis 
A group of three neighboring genes predicted to be involved in de novo purine 
biosynthesis had a significant increase in transcript abundance in co-culture, compared to pure 
culture, of 2.00-fold to 2.20-fold: Rumal_0258 (PurC), Rumal_0259 (PurF), and Rumal_0260 
(PurM). These genes are in a pathway of genes that convert ribose-5-phosphate to inosine 
monophosphate, which can be converted to adenosine monophosphate (AMP) and guanosine 
monophosphate (GMP). None of the other five genes included in the de novo purine biosynthesis 
subsystem had a significant change in transcript abundance. 
Cell division and DNA replication 
Two subsystems associated with the cell cycle had significantly different transcript 
abundances in co-culture, compared to pure culture: DNA replication and cell division. These 
subsystems will be discussed together as they are highly related. 
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Two genes involved in DNA replication had a decreased transcript abundance in co-
culture, relative to pure culture: Rumal_3286 (for DNA polymerase III alpha subunit), which had 
a 2.79-fold lower transcript abundance, and Rumal_3654 (for DNA primase EC 2.7.7.-), which 
had a 2.70-fold lower transcript abundance in co-culture. The remaining 18 genes involved in 
DNA replication did not have a significant change in transcript abundance.  
A total of 23 genes were detected in the cell division subsystem by RAST. Only two of 
these genes had significantly altered transcript abundances in co-culture: Rumal_3129 and 
Rumal_3130, which are adjacent to each other on the genome. They had a 2.12-fold to 2.16-fold 
greater transcript abundance in co-culture. The Rumal_3129 gene is annotated as a peptidyl-
tRNA hydrolase and Rumal_2130 is annotated as a transcription-repair coupling factor.   
Amino acid metabolism 
 Many R. albus amino acid uptake and biosynthesis genes had transcript abundances 
significantly altered in co-culture with W. succinogenes. In addition, the arginine and ornithine 
degradation subsystem was significantly altered in co-culture. 
 Of the eight cysteine biosynthesis gene transcripts detected by RNA-seq, two had 
significantly altered transcript abundances: Rumal_2799 (a sulfate permease gene) transcripts 
were 2.93-fold higher in co-culture and Rumal_0078 (cysteine synthase A or cysKA, EC 
2.5.1.47) transcripts were 10.78-fold lower in co-culture. The cysKA gene is cross-listed in 
methionine biosynthesis and the Kyoto Encyclopedia of Genes and Genomes (KEGG)- predicted 
reaction for this protein is O-acetyl-L-serine + hydrogen sulfide (H2S) yield L-cysteine + acetate 
(Ogata et al., 1999). In addition, there is a gene adjacent to cysKA on the genome that had an 
altered transcript abundance in co-culture: Rumal_0077, which is predicted to function as a 
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branched-chain amino acid active transporter. The transcripts for this putative transporter were 
increased 22.62-fold in co-culture. 
 There are approximately 20 total genes in the methionine biosynthesis subsystem. One 
fourth of the genes’ transcript abundances were highly decreased in co-culture and the remaining 
three fourths were not significantly altered. Five genes predicted to be a part of the methionine 
biosynthetic pathway had a significant alteration in transcript abundance in co-culture, excluding 
cysKA, which was reported above in cysteine biosynthesis. Four out of these five genes in the 
methionine biosynthesis subsystem are predicted to be involved in methionine transport. They all 
have very large decreases in transcript abundances in co-culture. Three of these are adjacent to 
each other on the genome: Rumal_1866, Rumal_1867, and Rumal_1868, which are 85.94-fold, 
149.39-fold, and 183.78-fold lower in transcript abundance in co-culture, respectively. The other 
gene in the methionine biosynthesis subsystem predicted to be a transporter is Rumal_2029, 
which had a decreased transcript abundance of 116.06-fold. The remaining gene with altered 
transcript abundance in co-culture predicted to be involved in methionine biosynthesis is 
Rumal_2670, which had a 35.30-fold lower transcript abundance and is predicted to be a 
sulfhydrylase required for both cysteine and methionine metabolism (EC 2.5.1.48 and EC 
2.5.1.49).  
 The final subsystem related to amino acid metabolism is the arginine and ornithine 
metabolism subsystem. The gene for a NADP-specific glutamate dehydrogenase, Rumal_2461 
(rocG, EC 1.4.1.4), had a 10.35-fold higher transcript abundance in co-culture. This protein uses 
NADP+ to deaminate glutamate into 2-oxoglutarate, ammonia and NADPH. None of the five 
other genes had significantly altered transcript abundances in co-culture. 
Alkanesulfonate assimilation 
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 Alkanesulfonate assimilation was the only subsystem related to sulfur metabolism that 
contained genes with an altered transcript abundance in co-culture. Two genes in this subsystem 
that had an altered transcript abundance: Rumal_2032 (ssuB), which had a 153.71-fold lower 
transcript abundance in co-culture, and Rumal_2034, which had a 99.30-fold lower transcript 
abundance in co-culture. Both Rumal_2032 and Rumal_2034 are predicted to encode for proteins 
in alkanesulfonate ABC-transporters although Rumal_2034 is a putative nitrate, bicarbonate or 
sulfonate transporter, according to the RAST predicted functional role. The other two genes in 
the alkanesulfonate assimilation subsystem did not have statistically significant changes in 
transcript abundance when comparing growth in pure culture and co-culture. 
Ammonia assimilation 
There was one gene from the ammonia assimilation subsystem with a significantly 
different transcript abundance in co-culture: Rumal_3941, which encodes a putative ammonium 
transporter that had a 4.13-fold decrease in transcript abundance in co-culture. The other six 
genes in the ammonia assimilation subsystem did not have significantly altered transcript 
abundances in co-culture. 
Carbohydrate metabolism 
 The four major subsystems related to carbohydrate metabolism containing genes with 
significant changes in transcript abundance were lactose and galactose uptake and utilization and 
glycolysis and gluconeogenesis. Each subsystem had only one gene with an altered transcript 
abundance.  
 One gene in the lactose and galactose uptake and utilization subsystem had a 5.74-fold 
lower transcript abundance in co-culture: Rumal_2442. This gene is predicted to encode a 
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galactose operon transcriptional repressor. None of the five other genes in this subsystem have a 
significantly altered transcript abundance in co-culture.  
Cellobiose was the carbon-source in the medium and was present at a concentration of 5 
g/L. Cellobiose consists of two β-1,4-linked glucose molecules and is metabolized in R. albus via 
glycolysis (Embden-Meyerhof-Parnas pathway). R. albus uses a cellobiose phosphorylase 
(Rumal_0187, EC 2.4.1.20) to break the glycosidic linkage between the sugars in cellobiose 
producing one molecule of glucose-1-phosphate and one molecule of  glucose (Thurston et al., 
1993).  The glucose-1-phosphate and the glucose are converted to glucose-6-phosphate by 
phosphoglucomutase (Rumal_2924, EC 5.4.2.2) and glucokinase (Rumal_2867, EC 2.7.1.2), 
respectively. None of these genes had a significant change in transcript abundance over 2-fold in 
co-culture. Glucose-6-phosphate is then oxidized to two molecules of pyruvate via glycolysis. 
There was one gene in the glycolysis and gluconeogenesis subsystem with a significantly altered 
transcript abundance in co-culture: Rumal_0431, which is predicted to be a 6-
phosphofructokinase gene (PFK, EC 2.7.1.11), the rate-limiting step in glycolysis. The 
transcripts for PFK were 2.14-fold higher in the co-culture. None of the seven other genes in this 
subsystem had significantly altered transcript abundances in co-culture.  
Three genes had a significant change in transcript abundance (18.86-fold to 24.63-fold 
increase) that did not have a subsystem but were predicted to function in sugar transport: 
Rumal_1819, Rumal_1820, and Rumal_1821. See Figure 10 for a full transcriptional and 
metabolic depiction of the glycolytic pathway. 
Mixed acid fermentation 
 The mixed acid fermentation subsystem in the RAST server had seven genes attributed to 
it in R. albus, but none of them had a significant change in transcript abundance in co-culture. R. 
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albus converts hexoses to two acetyl-CoA molecules, which can be further reduced to ethanol or 
acetate. There are two genes, Rumal_3401 and Rumal_3178, which are predicted to function as a 
bifunctional alcohol dehydrogenases (adh, EC 1.1.1.1) and acetaldehyde dehydrogenases (aldh, 
EC 1.2.1.10) to reduce acetyl-CoA to ethanol. Both gene were placed in the 5-FCL (5-
formyltetrahydrofolate cyclo-ligase)-like proteins subsystem, but function in mixed acid 
fermentation. The gene Rumal_3401 has a 120.77-fold lower transcript abundance and 
Rumal_3178 has a 2.95-fold lower transcript abundance when R. albus is in co-culture. The 
genes needed to reduce acetyl-CoA to acetate via the Pta-Ack pathway are phosphate 
acetyltransferase (Rumal_0279, EC 2.3.1.8) and acetate kinase (Rumal_1651, EC 2.7.2.1). Both 
of these genes had a statistically significant change in transcript abundance (p<0.05), but the 
change was less than 2-fold.    
Hydrogenases 
 There is no RAST subsystem for hydrogen metabolism in R. albus, so hydrogen 
metabolism-related genes were manually grouped together for analysis below. Three 
hydrogenases in R. albus 7 are known: HydA2, HydABC and HydS.  
The first hydrogenase, HydA2, is a periplasmic [FeFe] hydrogenase (Rumal_3407, EC 
1.12.7.2). This hydrogenase had an 89.57-fold decrease in transcript abundance in co-culture, as 
compared to pure culture. The transcript abundances for the second hydrogenase, HydABC 
(Rumal_2964, Rumal_2965, and Rumal_2966), were not significantly altered in co-culture. The 
change in transcript abundance was less than 2-fold. The third hydrogenase is HydS, an [FeFe] 
hydrogenase (EC 1.12.7.2). The subunits of this hydrogenase, Rumal_3403, Rumal_3404, and 
Rumal_3405, had a 109.04-fold, 107.04-fold, and 121.53-fold decrease in transcript abundance 
in co-culture, respectively. In addition, the transcript abundance for ferredoxin (Rumal_1335), a 
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co-factor for both HydA2 and HydABC, was increased 3.92-fold in co-culture, compared to pure 
culture. The nearby genes form a transcriptional unit (Rumal_3400 to Rumal_3407). All of these 
genes had decreased transcript abundances of greater than 89.57-fold in co-culture. 
 
Wolinella succinogenes transcriptomic analysis 
 W. succinogenes strain DSM 1740 has a closed genome sequence encoding 2046 open 
reading frames (Baar et al., 2003). Reads from RNA-seq were mapped to 2044 genes, excluding 
mRNAs and tRNAs (99.9% coverage). Of these, 1466 genes had a statistically significant change 
in transcript abundance in co-culture as compared to pure culture. We then matched these genes 
with the subsystems listed in the RAST system. Of the genes with a statistically significant 
change in transcript abundance, 795 had a RAST subsystem other than “none” listed. Most of 
these genes did not have a large change in transcript abundance (1.01-1.99-fold change). A total 
of 199 of these genes had a 2-fold or greater change in transcript abundance and had an 
identified RAST subsystem. These 199 genes comprise a large portion (9.7%) of the total 
genome. The summary of the transcriptomic analysis for W. succinogenes is presented in Figure 
7. See Figure 11 for the fold-change of mapped genes in W. succinogenes.  
Due to the large volume of genes with significant changes in transcript abundances (199 
genes), the top ten subsystems with the greatest number of genes were chosen for detailed 
analysis. See Appendix C for detailed information on the genes in the top ten subsystems in W. 
succinogenes. 
Denitrification 
 Seven genes in the denitrification subsystem in W. succinogenes had a significant change 
in transcript abundance in co-culture, as compared to pure culture. They are all predicted to be 
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involved in nitrous oxide (N2O) reduction to nitrogen (N2) and showed an increase in transcript 
abundance of 2.16-fold to 2.57-fold. Each of these genes is arranged near each other on the 
genome and may form a transcriptional unit with genes related to nitrate and nitrite 
ammonification (WS0914 to WS0927). Two genes near each other were predicted to encode 
nitrous oxide reductase (NosZ) subunits (WS0914 and WS0916). Both genes have an increased 
transcript abundance of 2.37-fold and 2.51-fold, respectively. Five genes were predicted to 
encode maturation proteins for nitrous oxide reductase (NosZ, EC 1.7.99.6): WS0919 (nosD), 
WS0924 (nosF), WS0925 (nosL), WS0926 (nosY), and WS0927 (nosL). The only gene in the 
denitrification subsystem that did not have a significant change in transcript abundance was 
WS0906, which is predicted to be NnrS, a protein involved in the response to or signaling of 
nitric oxide (NO).   
Nitrate and nitrite ammonification 
 There are eight genes with a significant change in transcript abundance in co-culture 
listed in the nitrate and nitrite ammonification subsystem. This dissimilatory pathway converts 
nitrate (NO3-) through nitrite (NO2-) to ammonia (NH3). All of the genes have an increase in 
transcript abundance of 2.08-fold to 3.74-fold. Four genes nearly directly adjacent: WS1174 
(napB), WS1176 (napH), WS1177 (napG), and WS1178 (napA, EC 1.7.99.4) had a change in 
transcript abundance of 3.36-fold, 3.00-fold, 3.66-fold, and 3.74-fold, respectively. Other nearby 
genes in the nitrate and nitrite ammonification subsystem, WS1170, WS1171, and WS1172, had 
transcript abundances that were not significantly changed. One gene, WS1170, had a 1.90-fold 
increase in transcript abundance (p<0.05) and the others were not significantly changed (p≥0.05). 
Two other genes predicted to be napG (WS0920) and napH (WS0923) had an increase in 
transcript of abundance of 2.08-fold and 2.27-fold, respectively. The two other genes in this 
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subsystem were WS0969 (nrfA, EC 1.7.2.2) and WS0970 (nrfH), which had an increase in 
transcript abundance of 2.92-fold and 2.80-fold, respectively. The nrfA gene is a cytochrome c 
for nitrite reductase, while the nrfH gene is annotated as the small subunit of cytochrome c nitrite 
reductase. One neighboring gene, WS0968, is a putative cytochrome c-type biogenesis protein, 
but the change in transcript abundance was not significant. Of the 13 genes placed in the nitrate 
and nitrite ammonification subsystem by RAST, five did not have a significant change in 
transcript abundance. 
Ton and Tol transport 
 Nine genes in the Ton and Tol transport subsystem in W. succinogenes had a significant 
change in transcript abundance in co-culture with R. albus, as compared to pure culture. For the 
most part, they are dispersed throughout the genome and are not adjacent to each other or any 
other genes with transcripts with a significant change in abundance. TonB proteins may be 
involved in the uptake of diverse substrates, mainly iron.  
Three genes in this subsystem were specifically predicted by RAST to be involved in iron 
transport: WS0591 (putative OMR family iron-siderophore receptor precursor), WS1126 
(putative TonB-dependent receptor; outer membrane receptor for ferrienterochelin and colicins), 
WS1425 (putative TonB-dependent receptor; outer membrane receptor for ferrienterochelin and 
colicins). These three genes had a 4.03-fold decrease, a 2.07-fold increase, and a 4.80-fold 
decrease in transcript abundance, respectively. In the other six genes, there is little indication of 
their substrate. The transcript abundances for WS0520, WS0523, WS1261, WS1610, and WS1427 
were decreased 2.10-fold, 2.76-fold, 4.09-fold, 2.21-fold, and 10.74-fold, respectively. On the 
other hand, the transcripts for WS0993 were 4.70-fold increased in co-culture. The other 14 
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genes listed in the Ton and Tol transport subsystem did not have a significant change in 
transcript abundance. 
Metal metabolism 
Extending upon these iron transport observations, six genes were identified in the iron 
metabolism subsystem with a significant change in transcript abundance in co-culture, relative to 
pure culture. These genes, WS0545, WS1055, WS1412, WS1426, WS1429, and WS1566 had a 
decrease in transcript abundance in co-culture of 3.11-fold, 4.01-fold, 13.58-fold, 7.98-fold, 
7.28-fold, and 15.82-fold. These genes are predicted to be involved in functions such as ferric 
iron siderophore transport, ferrous iron transport, and ferric uptake regulation. In total, six out of 
28 genes in the iron acquisition and metabolism category in RAST had a significant increase in 
transcript abundance, excluding those listed in the Ton and Tol transport subsystem. 
 In addition to iron metabolism, W. succinogenes had three genes in the copper 
homeostasis subsystem with a significant change in transcript abundance in co-culture. They are 
not near each other on the genome and all had a decrease in transcript abundance in co-culture. 
The genes WS0556, WS1014, and WS1588 had a 2.56-fold, 2.08-fold, and 6.84-fold decrease in 
transcript abundance in co-culture. The three genes encode two putative efflux proteins and one 
copper binding protein. There was one other gene in the copper homeostasis subsystem, which 
did not have a significant change in transcript abundance.  
Phosphate transport 
 Four of the seven genes in the high affinity phosphate transporter subsystem, had a 
significant change in transcript abundance in co-culture. The four genes that had a significant 
change in transcript abundance, WS0762, WS0944, WS0945, and WS0947, all had the same TC 
(Transporter Classification) number (TC 3.A.1.7.1) and the transcript abundances increased 
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15.14-fold, 4.03-fold, 4.22-fold, and 10.05-fold in co-culture (Saier et al., 2014). Three of these 
genes are near each other on the genome and in fact, five of the seven genes in the phosphate 
transporter subsystem are directly adjacent (WS0944, WS0945, WS0946, WS0947, and WS0948).  
Oxidative stress 
 Three W. succinogenes genes of the six predicted to be involved in the oxidative stress 
response had a decrease in transcript abundance in co-culture compared to pure culture. WS1491 
(EC 1.11.1.5) had a 5.95-fold decrease in transcript abundance and is a putative cytochrome c551 
peroxidase, which reduces hydrogen peroxide (H2O2) to H2O using 2 ferrocytochrome c 
molecules. The second gene was WS1589 (EC 1.16.3.1), which had a 2.31-fold decrease in 
transcript abundance. This gene is predicted to be a ferroxidase, which reduces oxygen to water 
with 4 Fe2+ and 4 H+. The third gene that had a significant change in transcript abundance in the 
oxidative stress response subsystem was WS1995 (ahpC), a putative alkyl hydroperoxide 
reductase protein. This gene, ahpC, had a 4.03-fold change in transcript abundance in co-culture 
relative to pure culture.  
Two-component regulatory systems 
 Six of eighteen genes in the two-component regulatory systems subsystem in W. 
succinogenes had a significant change in transcript abundance in co-culture. The two 
components in theses systems are known as response regulators (RR) and histidine kinases (HK), 
which work together to transduce signals from the environment. Two of the genes, WS0077 and 
WS0078, are located adjacent to each other on the genome and are predicted to be an RR and an 
HK, respectively. They both had a decrease in transcript abundance of 2.47-fold and 2.82-fold, 
respectively. Two other genes, separated by a putative periplasmic binding protein (WS1435, 
p≥0.05), had a significant change in transcript abundance: WS1434 had a 2.33-fold increase and 
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WS1436 had a 2.93-fold decrease in transcript abundance in co-culture. The two remaining two-
component regulatory system genes were not located near each other on the genome. The first 
RR gene, WS0950, had a 2.54-fold increase in transcript abundance, and was next to a putative 
HK (WS0951) with a 1.5-fold increase in transcript abundance (p<0.05). The next HK gene, 
WS1464, had a 2.29-fold decrease in transcript abundance, and was adjacent to a putative RR 
(WS1463) that had a 1.19-fold decrease in transcript abundance in co-culture (p<0.05).  
Urea decomposition 
Six genes in the W. succinogenes urea decomposition subsystem had a significant 
decrease in transcript abundance in co-culture with R. albus. These genes were directly adjacent 
to each other on the genome (WS1110 through WS1115). Three of these genes (WS1110 through 
WS1112) are putative components of an ABC transporter related to urea carboxylase and they 
had a decrease in transcript abundance of 5.41-fold, 4.53-fold, and 5.02-fold in co-culture. One 
gene (WS1115) was predicted to function as a urea carboxylase (uca, EC 6.3.4.6). Urea 
carboxylases catalyze the reaction combining urea and bicarbonate to form urea-1-carboxylate at 
the expense of one ATP. The uca gene had a decrease in transcript abundance of 2.47-fold in co-
culture. Lastly, two genes in this subsystem were predicted to be a urea carboxylase-related 
aminomethyltransferase (WS1113 and WS1114, EC 2.1.2.10). They had a decrease in transcript 
abundance of 3.73-fold and 3.32-fold for WS1113 and WS1114, respectively. The reaction for 
this protein, as predicted by KEGG, is [protein]-S8-aminomethyldihydrolipoyllysine + 
tetrahydrofolate = [protein]-dihydrolipoyllysine + 5,10-methylenetetrahydrofolate + NH3.  
Formate metabolism 
 Formate metabolism was the functional group with the largest number of genes (22) that 
had a significant change in transcript abundance (Figure 12). Only two genes (WS0026 and 
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WS0029) predicted to be related to formate metabolism did not have a significant change in 
transcript abundance. There were five clusters of neighboring genes in this subsystem. Out of the 
22 genes that had a significant change in transcript abundance in this subsystem, only two were 
decreased in co-culture relative to pure culture. There were twelve genes predicted to be formate 
dehydrogenase subunits (EC 1.2.1.2), five others were predicted to be accessory proteins for 
formate dehydrogenase, two were predicted to be formate hydrogenlyase subunits and four were 
predicted to be hydrogenase components. Formate dehydrogenase (FDH) oxidizes formate to 
CO2 while reducing NAD+ to NADH.  
 The first cluster of genes was WS0027, WS0028, and WS0030, which had an increase in 
transcript abundance of 6.17-fold, 6.20-fold, and 6.21-fold, respectively. The two genes WS0027 
and WS0028 were predicted to be the gamma subunit and the iron-sulfur subunit of FDH, 
respectively. The other gene, WS0030, was predicted to be a FDH subunit or accessory protein. 
The only gene separating these three genes is WS0029, predicted to be the major subunit of FDH 
(p≥0.05). There was one gene directly adjacent to this cluster, WS0026, predicted to be a 
sulfurtransferase for the maturation of formate dehydrogenase (p≥0.05).  
 The second cluster contains two genes that had a decrease in transcript abundance: 
WS0578 and WS0579, which had decreased transcript abundances of 2.18-fold and 2.48-fold in 
co-culture, respectively. They were predicted to be subunits of FDH and were not adjacent to any 
genes related to formate metabolism. 
 The third gene cluster had five genes, WS0731, WS0732, WS0733, WS0735, and WS0736, 
which had an increase in transcript abundance of 2.79-fold, 3.34-fold, 4.22-fold, 4.77-fold, and 
4.88-fold, respectively, in co-culture. The first two were predicted to be FDH accessory proteins 
	   43	  
and the other three were predicted to be the major, iron-sulfur, and gamma subunits. They were 
not adjacent to any genes related to formate metabolism.  
 The fourth cluster of genes was the largest, with six directly adjacent genes: WS1144, 
WS1145, WS1146, WS1147, WS1148, and WS1149. In order, they had an increase in transcript 
abundance of 3.09-fold, 5.91-fold, 9.67-fold, 6.15-fold, 6.20-fold, and 6.43-fold. As before, the 
first two were predicted to be accessory proteins and the last four were predicted to be the major, 
iron-sulfur, and gamma subunits of the FDH, followed by a sulfurtransferase for the maturation 
of FDH. They were not adjacent to any genes related to formate metabolism.  
 The final cluster of genes related to formate metabolism differs from the others. Two 
genes, WS1836 and WS1838, predicted to be two subunits of formate hydrogenlyase had an 
increase in transcript abundance of 2.52-fold and 2.32-fold, respectively. The gene in between 
them (WS1837) had an increase in transcript abundance of 1.99-fold, just barely below the 2.00-
fold cutoff and was annotated as a formate hydrogenlyase subunit. The other four genes 
(WS1839 through WS1842) are all predicted to be components of hydrogenase 4; their transcripts 
were increased 2.47-fold, 2.07-fold, 2.19-fold, and 2.55-fold in co-culture. The gene immediately 
after this cluster, WS1843, is predicted to be another component of hydrogenase 4 and had a 
significant increase in transcript abundance of 2.16-fold (p<0.05), but was not included in the 
RAST subsystem, although it is clear that it should have. It is unclear precisely what the function 
of this hydrogenase is. 
Hydrogen metabolism 
 In W. succinogenes, there is a RAST subsystem for hydrogenases, which we expanded to 
include other genes related hydrogen metabolism. Nine genes related to hydrogen metabolism 
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identified had transcript abundances significantly altered when W. succinogenes was in co-
culture with R. albus (Figure 12). 
 Five adjacent genes, most of which were classified in the hydrogenase subsystem and had 
a significant change in transcript abundance in co-culture: hydABC (WS1685, WS1686, and 
WS1687), which form a quinone-reactive [NiFe]-hydrogenase. The hydA subunit had a fold 
change in transcript abundance that was not statistically significant (p≥0.05), but hydB and hydC 
had statistically significant increases in transcript abundance of 2.72-fold and 2.91-fold, 
respectively. Two genes nearby also had a significant change in transcript abundance: WS1684 
(hydD), a putative hydrogenase maturation protein, had a 2.34-fold increase in transcript 
abundance in co-culture, and WS1683 (hydE), which was annotated as a hypothetical protein.  
Two other genes related to hydrogenases had significant changes in transcript abundance. 
There was one additional gene in the hydrogenase subsystem that had a significant change in 
transcript abundance: WS1834 (EC 3.4.24.-) was 2.61-fold change increased in transcript 
abundance and is predicted to function as a coenzyme F420 hydrogenase maturation protein, but 
was annotated as a hypothetical protein. The other gene (WS1843) was not assigned to a 
subsystem, but was predicted to be a hydrogenase component and had a 2.16-fold increase in 
transcript abundance in co-culture. 
 Genes predicted to be related to succinate dehydrogenase also had a significant change in 
transcript abundance. The succinate dehydrogenase (succinate + quinone à fumarate + quinol) 
reaction is the reverse reaction of fumarate reductase (fumarate + quinol à succinate + quinone). 
There was one gene in this subsystem with a significant change in transcript abundance in co-
culture: WS0829 (frdC2), which had a 4.48-fold decrease in transcript when in co-culture with R. 
albus. This gene, frdC2, is predicted to encode a fumarate reductase cytochrome b subunit. There 
	   45	  
were seven other genes in the succinate dehydrogenase subsystem, but only WS0830, WS0831, 
WS0832, and WS1922 had a statistically significant change in transcript abundance. Only 1922 
had a change that was greater than 2-fold (increased 2.43-fold). 
In addition, there was a short region of the genome (WS0791, WS0792, WS0795, and 
WS0796) that contained genes annotated as hydrogenases and hydrogenase-related genes. Two 
genes (WS0791 and WS1796) had a statistically insignificant (p≥0.05) change in transcript 
abundance in co-culture. Two genes (WS0792 and WS0795) had a small increase in transcript 
abundance of 1.36-fold and 1.23-fold, respectively (p<0.05).  
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DISCUSSION 
 
Cell growth  
R. albus 
 In R. albus, the rate-limiting enzyme in glycolysis (PFK) and the de novo thiamin 
biosynthesis pathway required for PFOR function both had significant increases in transcript 
abundance when in co-culture with W. succinogenes. This hints toward increased carbohydrate 
metabolism. There was an increase in abundance of three putative sugar transporter genes of 
around 20-fold and cell division gene transcripts were increased around 2-fold indicating R. 
albus may have increased their expression due to the favorable growth conditions. Overall, R. 
albus seemed to benefit from growth in co-culture with W. succinogenes. 
W. succinogenes 
 W. succinogenes had an increased growth rate and grew to a higher log fold-change when 
in co-culture with R. albus (Table 3). Similar growth rates have been observed previously 
(Kafkewitz, 1975). Although all of the fumarate was consumed in both W. succinogenes pure 
culture and co-culture, it was depleted earlier in the pure culture. This is likely due to an 
extended lag phase when in co-culture with R. albus. There is a thermodynamic window of 
opportunity for syntrophic metabolism and it often takes time to reach this state (Stams, 1994). 
This has been observed previously. Other syntrophic cultures had a lag phase of one day to one 
week (Rotaru et al., 2012). Transcript abundances of energy generation genes such as those for 
the [NiFe]-hydrogenase, fumarate reductase, and formate dehydrogenases were all significantly 
increased when W. succinogenes grew in co-culture with R. albus. Overall, W. succinogenes 
gained a growth advantage when growing in co-culture with R. albus. 
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Central carbon metabolism in Ruminococcus albus 
Cellobiose metabolism 
In this study, R. albus fermented cellobiose to acetate, ethanol, carbon dioxide, and 
hydrogen (Figure 5). RNA-seq analysis revealed changes in transcript abundance for genes in R. 
albus relevant to the cellobiose fermentation pathway (Figure 10, Appendix D). Of the 12 genes 
involved in metabolizing cellobiose to pyruvate, seven had a statistically significant increase in 
transcript abundance when in co-culture with W. succinogenes (Figure 10). The only glycolytic 
gene with an increase in transcript abundance greater than two-fold was phosphofructokinase 
(pfk, 2.14-fold), which phosphorylates fructose-6-phosphate to fructose-1,6-bisphosphate in the 
rate-limiting step of glycolysis (EC 2.7.1.11). An increase in the transcript abundance of this 
gene might increase the rate of glycolysis in R. albus. No genes in glycolysis had a statistically 
significant decrease in transcript abundance. Overall, there was a general trend for an increase in 
glycolytic gene transcripts indicating, especially in the rate-limiting enzyme, and the rate of 
glycolysis may have increased when R. albus was in co-culture with W. succinogenes.  
Pyruvate oxidation 
R. albus oxidizes pyruvate to acetyl-CoA using either pyruvate:ferredoxin oxidoreductase 
(PFOR; reaction D, EC 1.2.7.1) or pyruvate formate lyase (PFL; reaction E, EC 2.3.1.54) (Zheng 
et al., 2014). Pyruvate oxidation to acetyl-CoA by PFOR results in the formation of hydrogen 
and carbon dioxide, whereas PFL produces formate (Figure 10). When R. albus was grown in 
pure culture, hydrogen was detected, but no formate was detected at any time during growth. The 
transcript abundance of the PFOR gene was increased slightly (1.34-fold) when R. albus was in 
co-culture with W. succinogenes. The genes encoding PFL did not have a statistically significant 
change in transcript abundance (p≥0.05). 
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R. albus does not have the necessary genes for the conversion of formate to hydrogen and 
carbon dioxide via formate dehydrogenase or formate hydrogenlyase, so any formate generated 
by PFL should be detectable in the medium in pure culture (Zheng et al., 2014). The absence of 
formate indicates PFL was not active when R. albus was growing in pure culture. Previous 
studies have observed both the production of formate and the lack thereof by R. albus 7 in nearly 
identical growth media (Miller and Wolin, 1973; Iannotti et al., 1973). It is unclear what caused 
the differential production; in these studies, the only differences were the concentration of 
glucose and the presence of fumarate in one medium. When fumarate was present in the 
medium, no formate was produced, as in this study, although there is insufficient evidence to 
conclude that fumarate is inhibitory to PFL (Iannotti et al., 1973). In another study, formate was 
produced by R. albus in continuous culture, but much more hydrogen was produced (Pavlostathis 
et al., 1990). In the current study, any formate produced by R. albus in co-culture would be 
undetectable if it was consumed by W. succinogenes as an electron donor for respiration and 
thus, formate transfer cannot be ruled out. 
Hydrogen metabolism 
PFOR requires an oxidized ferredoxin (Fdox) cofactor to oxidize pyruvate to acetyl-CoA. 
The putative ferredoxin gene in R. albus had an increase in transcript abundance of 3.94-fold in 
co-culture. PFL does not use ferredoxin so this increase in transcript abundance indicates IHT 
may be more important than formate transfer. To regenerate Fdox, R. albus has two active 
ferredoxin-dependent hydrogenases (Zheng et al., 2014). The first, HydA2, regenerates Fdox by 
reducing protons to hydrogen gas (reaction F). The second, HydABC, is the electron-bifurcating 
hydrogenase which also catalyzes the oxidation of NADH to NAD+ and gives R. albus an 
increased ATP yield in co-culture relative to pure culture (reaction G).  
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The gene transcripts for HydA2 were decreased in transcript abundance 89.57-fold when 
R. albus was grown in co-culture with W. succinogenes. There was a slight increase in transcript 
abundance of each of the three HydABC subunits in co-culture (about 1.3-fold). HydABC can 
only catalyze the reduction of protons at low hydrogen partial pressures, but HydA2 can catalyze 
the reduction of protons at higher hydrogen partial pressures. So, R. albus did not express HydA2 
when hydrogen partial pressures are low (e.g. when R. albus is growing with a hydrogen-
consuming organism such as W. succinogenes) indicating HydA2 may be regulated based on the 
environmental hydrogen partial pressure. HydABC regulation was not dependent on hydrogen 
partial pressure indicating that it is a part of central metabolism. The use of HydABC is 
advantageous for W. succinogenes also; in theory, twice as much of its electron donor, hydrogen, 
is produced per mole cellobiose when R. albus uses HydABC over HydA2. This also fits into the 
environmental context of the GI tract where hydrogen rarely accumulates. Metabolic flexibility 
allows R. albus to adapt to increased hydrogen concentration, which can occur after a meal and is 
more common in the human intestinal tract. 
Regeneration of NAD+ is very important for R. albus. During glycolysis, R. albus 
generates two NADH per glucose, which needs to be re-oxidized for glycolysis to continue 
(White, 2000). R. albus has two major mechanisms of oxidation of NADH: protons as an 
electron sink catalyzed by HydABC, or acetyl-CoA as an electron sink, catalyzed by bifunctional 
alcohol dehydrogenase/aldehyde dehydrogenases (ADH/ALDHs) that produce ethanol. In this 
study, R. albus produced substantial ethanol in pure culture (8.7 mM), but produced a negligible 
amount in co-culture (0.3 mM) (Figure 5). There was a significant decrease in the transcript 
abundance of two genes encoding putative bifunctional ADH/ALDHs (Rumal_3178 and 
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Rumal_3401) by 2.95-fold and 120.77-fold. R. albus likely preferred using HydABC over 
ADH/ALDH to regenerate NAD+ when in co-culture.  
There is a transcriptional unit in R. albus containing hydA2 and one of the adh/aldh 
genes, which extends from the Rumal_3400 gene to Rumal_3407 on plasmid pRumal01 (Zheng 
et al., 2014). Each of these genes had a very large (89.57-fold to 130.19-fold) decrease in 
transcript abundance when R. albus was in co-culture with W. succinogenes, some of the largest 
transcript abundance fold-changes in the genome. These genes are not needed when the 
hydrogen partial pressure is low. This transcriptional unit also contains a putative redox-sensitive 
transcriptional regulator (Rex, Rumal_3400), a serine/threonine protein kinase (Rumal_3402), a 
periplasmic [FeFe] hydrogenase (HydS, Rumal_3403 to Rumal_3405), and a serine/threonine 
protein phosphatase (Rumal_3406).  
These genes encode proteins likely related to regulation of gene expression based on 
hydrogen partial pressure. Rex (redox-sensing repressor) has been implicated in responding to 
cellular NADH/NAD+ levels in Gram-positive bacteria (Ravcheev et al., 2012). Rex targets a 
wide variety of genes including acetate kinase, hydrogenases, and hydrogenase maturation 
proteins (Ravcheev et al., 2012). The HydS protein does not have hydrogenase activity (Zheng et 
al., 2014). It contains a PAS-domain, which may be involved in sensory functions and signal 
transduction based on hydrogen partial pressure (Henry and Crosson, 2011; Zheng et al., 2014). 
According to a large analysis of genes nearby hydA on the genome, many of the genes nearby 
hydA2 in R. albus (rex, hydS, and serine/threonine protein kinases) are nearby hydA genes in 
other bacteria (Galperin, 2005; Zheng et al., 2014; Poudel et al., 2016). This indicates a potential 
function of this transcriptional unit in not only producing hydrogen, but also sensing hydrogen 
and regulating gene expression based on the partial pressure of environmental hydrogen.  
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Mixed acid fermentation 
Acetyl-CoA can either be reduced to ethanol, as previously described, or acetate via the 
Pta-Ack pathway, or a mix of both. When R. albus was grown in co-culture with W. 
succinogenes, there was a shift in metabolite production from ethanol to acetate: ethanol 
production decreased by 8.4 mM (8.7 mM to 0.3 mM) and acetate production increased by 10.6 
mM (21.8 mM to 32.4 mM) (Figure 5). The ratio of acetate to ethanol was 2.5:1 in pure culture 
and approximately 100:1 in co-culture. Similar results were obtained previously (Iannotti et al., 
1973; Pavlostathis et al., 1990). Multiple studies have shown microbes participating in IHT have 
metabolic shifts away from electron-sink metabolites (e.g. lactate and ethanol), and towards the 
production of acetate (Bauchop and Mountfort, 1981; Mountfort et al., 1982). Robert Hungate 
first hypothesized this process might occur fifty years ago (Hungate, 1966).  
This metabolic shift is important because production of two acetate and no ethanol per 
acetyl-CoA yields an additional ATP per glucose, relative to production of one acetate and one 
ethanol in mixed acid fermentation. If the concentrations of acetate and ethanol were equivalent 
in pure culture, it would indicate R. albus was only doing mixed acid fermentation. In pure 
culture, the acetate concentration was higher than the ethanol concentration indicating that early 
in growth, when hydrogen partial pressures were low, R. albus may have been able to use 
HydABC to re-oxidize NADH and Fdred, and used the Ack-Pta pathway for energy generation. 
This would have been thermodynamically favorable until the partial pressure of hydrogen 
inhibited HydABC and R. albus would have began expressing HydA2 and doing mixed acid 
fermentation resulting in a lower ATP yield.  
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Fumarate respiration in Wolinella succinogenes 
W. succinogenes was provided with hydrogen as the sole electron donor in pure culture. 
In co-culture with R. albus, no electron donors were added to the basal medium forcing W. 
succinogenes to rely on R. albus for a source of electrons. R. albus can produce hydrogen and 
formate, but only hydrogen was produced in pure culture. Neither formate nor hydrogen was 
detected in co-culture. The only electron acceptor W. succinogenes was provided both in pure 
culture and in co-culture was fumarate. W. succinogenes can oxidize hydrogen or formate. These 
electrons are passed onto menaquinone in the cytoplasmic membrane, which transfers the 
electrons to fumarate, producing succinate (Figure 2). 
Hydrogen and formate as electron donors 
 W. succinogenes has a quinone-reactive, non-electron-bifurcating [NiFe]-hydrogenase in 
its cytoplasmic membrane, HydABC (Vignais and Billoud, 2007; Kröger et al., 1992). This 
enzyme catalyzes the oxidation of hydrogen to protons as well as the reduction of menaquinone 
(MK) to menaquinol (MKH2). The genes for two of the three subunits, HydB and HydC, had a 
significant increase in transcript abundance in co-culture of nearly 3-fold (Figure 12). In 
addition, two genes related to hydrogenase maturation had a significant increase in transcript 
abundance when W. succinogenes was in co-culture with R. albus: hydD, which is predicted to 
be a protease involved in processing the C-terminus of HydB, and hydE, which may be involved 
in the maturation and/or stability of HydA or HydAB (Gross and Simon, 2003).  
 Twenty-four genes in the formate metabolism subsystem in W. succinogenes had a 
significant change in transcript abundance when in co-culture with R. albus, 23 of which were 
altered greater than two-fold (Appendix C). Of these, 21 genes were increased in transcript 
abundance and two were decreased in transcript abundance. There were five sets of genes 
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containing two to eight genes related to formate metabolism. Researchers have found two loci 
encoding formate dehydrogenase complexes (FDH) in W. succinogenes (Bokranz et al., 1991; 
Lenger et al., 1997). Each FDH complex has at least three subunits and multiple chaperones and 
accessory proteins. When growing with formate as an electron donor and fumarate as the 
electron acceptor, deletion of either formate dehydrogenase results in fully viable cells during 
growth on formate (Bokranz et al., 1991; Lenger et al., 1997). There were three clusters of genes 
that contained at least all three putative FrdCAB subunits (WS0027-WS0029; WS0733-WS0736; 
and WS1146-WS1148), indicating there may be more than two FdhABC loci. They had 
significant increases in transcript abundance from 4.2-fold to 9.7-fold. One region (WS0733-
WS0736) had the largest RPKM values (>10-fold) in both pure culture and co-culture, relative to 
the other FdhABC loci and may be more physiologically important than the others.  
Hydrogen was present in pure culture, and although neither hydrogen nor formate was 
detected in co-culture, either or both were likely consumed by W. succinogenes shortly after 
being produced. Any formate or hydrogen produced in the rumen is rapidly consumed by other 
microbes (Hungate, 1966). A W. succinogenes ΔhydABC mutant growing on formate and 
fumarate had a growth rate almost identical to the wild-type culture growing on hydrogen and 
fumarate indicating that growth on either electron donor gives comparable growth rates (Gross et 
al., 1998). Although formate is five orders of magnitude more soluble than hydrogen in water at 
body temperature, there does not seem to be an energetic advantage to using formate as an 
electron donor (Kim et al., 2016). Based on hydrogen production in pure culture and the increase 
in hydrogenase gene expression in co-culture, W. succinogenes was likely using its hydrogenase 
in both environments. Based on the increased gene expression of formate metabolism related 
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genes, it is possible that R. albus was producing some formate as well, but only in co-culture 
with W. succinogenes.  
Fumarate metabolism 
 Eight genes in W. succinogenes are annotated as either fumarate reductase subunits 
(fumarate + quinol à succinate + quinone) or succinate dehydrogenase subunits, which 
catalyzes the reverse reaction  (succinate + quinone à fumarate + quinol). These two enzymes 
often catalyze either reaction (both EC 1.3.5.1), but will only perform one in vivo depending on 
whether they are respiring anaerobically or aerobically (Lancaster, 2002). In both the pure 
culture and the co-culture, W. succinogenes consumed all of the fumarate in the medium. 
The fumarate reductase in W. succinogenes, FrdABC, is encoded by WS0830, WS0831, 
and WS0832 (Simon et al., 1998). The other five genes predicted to be a fumarate reductase or 
succinate dehydrogenase (WS0829, WS1399, WS1920-WS1922) do not function as fumarate 
reductases with MKH2; a ΔfrdCAB (WS0830-W0832) mutant was not viable using fumarate as an 
electron acceptor indicating the other genes do not produce functional fumarate reductases 
(Simon et al., 1998). The protein encoded by WS1922 (MFR) can reduce fumarate, but it accepts 
electrons from 8-methylmenaquinol (8-MMKH2), a menaquinone variant produced by W. 
succinogenes (Collins and Fernandez, 1984; Junhke et al., 2009).  
The genes encoding FrdABC had slightly increased transcript abundances in co-culture 
(1.2-fold). The transcript abundance of MFR was increased 2.43-fold in co-culture. The 
normalized expression values for FrdCAB compared to MFR were over 1200-fold greater in 
pure culture and 600-fold greater in co-culture, indicating that FrdCAB was the dominant 
fumarate reductase in both cultures, explaining why Simon et al. (2000) did not identify MFR. 
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All fumarate was consumed by W. succinogenes in both pure culture and in co-culture. The only 
known factor controlling the expression of frdABC is fumarate (Lorenzen et al., 1993).  
Each fumarate reductase prefers a particular menaquinone variant, either MK or 8-
MMKH2. The W. succinogenes genome has all the genes for de novo synthesis of MK, according 
to KEGG, but none of these genes had a significant change in transcript abundance when W. 
succinogenes was in co-culture with R. albus (Ogata et al., 1999).  
 
Nitrate metabolism in Wolinella succinogenes 
In addition to fumarate, W. succinogenes is able to use nitrate as an electron acceptor for 
anaerobic respiration. No nitrate was added to the medium. W. succinogenes can reduce nitrate to 
nitrogen (denitrification) or ammonia (dissimilatory nitrate reduction)  (Yoshinari, 1980; 
Luckmann et al., 2014). The Nap and Nrf complexes reduce nitrate to ammonia in nitrate 
ammonification (Yoshinari, 1980; Liu et al., 1983; Simon et al., 2000). One subunit, NrfA, has 
been identified to function as a stress defense cytochrome in W. succinogenes (Kern et al. 2011). 
Eight genes related to the Nap and Nrf complexes and related genes had an increase in transcript 
abundance when W. succinogenes was in co-culture with R. albus. When W. succinogenes was 
grown in co-culture with R. albus, transcript abundances of seven genes that encode subunits of 
NosZ or NosZ maturation proteins for denitrification had increased transcript abundances 
between 2.2-fold to 2.6-fold (Rumal_0914 to Rumal_0927) (Yoshinari, 1980; Luckmann et al., 
2014). Even though the transcripts for these nitrate utilization genes were increased in transcript 
abundance, even the highest normalized expression value was 50-fold lower than that over 
FrdCAB in pure culture and 20-fold lower in co-culture, indicating that fumarate was the 
dominant electron acceptor in both cultures. 
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Thiamin biosynthesis 
 In R. albus, there was a significant increase in the transcript abundance of the pathway 
for de novo thiamin pyrophosphate (TPP) biosynthesis. In R. albus, TPP is an essential cofactor 
for pyruvate:ferredoxin oxidoreductase (PFOR) and transketolase (EC 2.2.1.1) in the pentose 
phosphate pathway. Thiamin hydrochloride was added to the medium as a part of the trace 
vitamin solution (Appendix A) at a concentration of 0.25 mg/L. Unphosphorylated thiamin is 
not an intermediate in the de novo TPP synthesis pathway, but the gene encoding a putative 
thiamin diphosphokinase (EC 2.7.6.2), which phosphorylates thiamin to TPP, did not have a 
significant change in transcript abundance when R. albus was in co-culture with W. 
succinogenes. The normalized expression values for the diphosphokinase was 3-fold higher than 
the de novo pathway in pure culture, on average, but was slightly lower in co-culture. 
 W. succinogenes requires TPP for transketolase (EC 2.2.1.1) in the pentose phosphate 
pathway and for pyruvate synthase (EC 1.2.7.1) in gluconeogenesis. W. succinogenes contains 
the same de novo thiamin biosynthetic pathway as R. albus, but the thiamin diphosphokinase 
gene was not found. The only gene in the de novo thiamin biosynthesis pathway had a significant 
change in transcript abundance when W. succinogenes was in co-culture with R. albus was thiF, 
which was 2.32-fold increased. 
It does not appear that there would be any competition for thiamin-HCl. Perhaps the 
provided thiamin was nearly sufficient for R. albus in pure culture, but additional TPP was 
required in co-culture, potentially for increased PFOR activity. 
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Methionine transport  
 In R. albus, four putative methionine transporter genes (Rumal_1866, Rumal_1867, 
Rumal_1868, and Rumal_2029) had a decrease in transcript abundance of between 85.94-fold 
and 183.78-fold in co-culture with W. succinogenes. Three of these genes were adjacent on the 
genome and one gene was in a cluster of seven genes with putative functions including other 
ABC transporters, an acetyltransferase and a hypothetical protein. This group of twelve genes 
had the top five greatest fold-changes when R. albus was in co-culture with W. succinogenes. 
Methionine is required for the initiation of translation, is a component of the S-adenosyl 
methionine (SAM) cofactor, and has served as a redox sensor in some proteins (Ferla and 
Patrick, 2014). No genes using methionine as a redox sensor were found in R. albus or W. 
succinogenes. It is unclear why methionine transport was so significantly negatively impacted 
but they potentially play a role in redox sensing and may be very important for growing in pure 
culture. 
 
Signaling  
Cellular signaling is important to controlling gene expression. Hydrogen sensing and 
signaling has been reported in very few studies but may be more important than previously 
recognized. In R. albus, HydS may be controlling the expression of the transcriptional unit 
containing other redox sensors and the Fd-dependent hydrogenase HydA2 and the ADH/ALDH 
(Rumal_3400 to Rumal_3407) resulting in altered hydrogenase use and metabolic flux. These 
proteins may control other genes that had strong transcriptional responses to co-culture with W. 
succinogenes.  
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In a census of 167 sequenced genomes, W. succinogenes was found to have the highest 
number of signal transduction proteins relative to its genome size, or the highest “bacterial IQ” 
(Galperin, 2005). In this study, six putative histidine kinase genes or response regulator genes 
had significant changes in transcript abundance of over 2-fold in co-culture. These may be 
involved in cellular signaling based on hydrogen or the presence of an IHT partner. 
 
Final conclusions and future directions 
This is the first study to show at the transcriptomic and metabolic levels that R. albus and 
W. succinogenes benefit from syntrophic interspecies hydrogen and possibly formate transfer. In 
the GI tract, interspecies hydrogen transfer benefits both the microbes and the host due to an 
increased rate of microbial degradation of organic matter and a shift in microbial metabolism 
away from electron sink products such as ethanol. This process greatly benefits the ruminant host 
because it increases the production of short chain fatty acids that are its major source of energy 
and increased microbial growth due to IHT increases the microbial protein, the main nitrogen 
source for the ruminant.  
This study produced the gene expression repertoire of these bacteria in co-culture and 
details how these gene expression patterns are altered when in co-culture with a syntrophic 
partner. Both bacteria were transcriptionally flexible indicating they were able to metabolically 
respond to a syntrophic partner. For the first time, the transcriptional response of hydrogen-
sensing genes in syntrophic ruminal co-cultures was identified. In W. succinogenes, the 
transcriptional response of more genes was impacted by co-culture than in R. albus. In addition, 
may of these genes were for two-component regulatory system genes, which may indicate that 
W. succinogenes is more adaptive to new environments. R. albus had fewer genes 
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transcriptionally respond to co-culture, but a transcriptional unit which is important to regulation 
of gene expression based on hydrogen concentration was identified. The use of the electron-
bifurcating hydrogenase in R. albus confers a growth benefit to both bacteria and understanding 
these enzymes is critical to understanding energy conservation in anaerobic environments such 
as the GI tract.  
This study opens up many potential avenues of research in identifying hydrogen-sensing 
and signaling pathways based on syntrophic IHT. A genetic system in R. albus would be 
beneficial to carry out hypothesis-driven studies, for example, to determine which genes are 
affected by HydS. Further investigation of the signal transduction genes in W. succinogenes is 
warranted because it could lead to the discovery of novel mechanisms of hydrogen sensing and 
regulation. Additional future studies could include co-culturing R. albus with other syntrophic 
hydrogen-consuming microbes such as methanogens and acetogens to identify conserved and 
unique responses to IHT. Mechanisms of syntrophic interspecies electron transfer in the GI tract 
are poorly understood and may have important impacts on host health and the global carbon 
cycle.  
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TABLES AND FIGURES 
 
 
 
Figure 1: Glycolysis and mixed acid fermentation in R. albus. The simplified metabolic pathway for 
the conversion of cellobiose to acetate, ethanol, carbon dioxide, and hydrogen is shown above. Mixed 
acid fermentation yields one acetate, one ethanol, one carbon dioxide, two hydrogen molecules, and three 
ATP. Alternatively, fermentation to only acetate yields two acetate, no ethanol, one carbon dioxide, four 
hydrogen molecules, and four ATP. Each arrow represents an enzyme in R. albus. Reduced ferredoxin 
(Fdred) is oxidized to oxidized ferredoxin (Fdox) by either HydABC (Rumal_2964 to Rumal_2966) or 
HydA2 (Rumal_3407), which are shown in the boxes. Modified from White (2000) and Zheng et al. 
(2014). 
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Figure 2: Hydrogen and formate metabolism in W. succinogenes. The gray bar represents the inner 
membrane with P (+) indicating the periplasm, which is positively charged relative to the cytoplasm, and 
C (-) indicating the cytoplasmic side. Electrons flow from hydrogen, through the hydrogenase complex 
(HydABC), onto menaquinol (MK). The resulting menaquinone (MKH2) donates the electrons to 
fumarate reductase (FrdABC), which donates them to fumarate. Alternatively, The electrons can follow a 
similar path from formate (HCOO-) onto formate dehydrogenase (FdhABC) and onto fumarate. Modified 
from Vignais and Billoud (2007) and Kröger et al. (2002).  
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Figure 3: Growth of R. albus and W. succinogenes in pure culture and in co-culture. 
Change in OD600 of pure cultures of R. albus (w) and W. succinogenes (n), and their co-culture () during 
growth in modified Balch’s medium (Appendix A). Data are reported as means ± standard deviation from 
three biological replicates. 
 
	   63	  
 
Figure 4: Growth curves for R. albus and W. succinogenes in pure cultures and co-culture 
measured using OD600 and qPCR. OD600 (, left axis) and gene copy number ml-1 of R. albus (w, 
Rumal_2867, right axis), W. succinogenes (n, flgL, right axis). Data are reported as means ± standard 
deviation from three biological replicates. The qPCR data also includes three technical replicates. Panels 
A and B show the growth of R. albus and W. succinogenes, respectively, in pure culture. Panel C shows 
growth of R. albus and W. succinogenes in co-culture. In panel C, the down error bar for R. albus gene 
copy number at 7 h is not shown to improve clarity.  
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Figure 5: Changes in metabolite concentration during growth. Changes in the concentration (mM) of 
metabolites are shown for acetate (), fumarate (n), succinate (w), and ethanol (★). Data are reported as 
means ± standard deviation from three biological replicates. Panels A and B show growth of R. albus and 
W. succinogenes, respectively, in pure culture. Panel C shows growth of R. albus and W. succinogenes in 
co-culture. 
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Figure 6: RAST subsystem category comparison between W. succinogenes and R. albus. RAST 
subsystem overarching categories were ranked by number of genes assigned to each category in W. 
succinogenes and listed in order from top to bottom in the legend, and clockwise around the W. 
succinogenes pie chart. For comparison to R. albus, the same ordering around the pie chart was used, but 
the size of the pie sections was changed accordingly. In W. succinogenes, 53% of genes in the genome 
had a predicted category in RAST and in R. albus, 25% of the genes in the genome had a predicted 
category in RAST. 
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Figure 7: Overview of the transcriptomic analysis for R. albus and W. succinogenes. RNA-seq reads 
were mapped to their respective genome and compared between the pure cultures and co-culture in each 
bacterium. Each row of bars lists the number of genes that make the criteria in its row and the rows above.  
The top bar shows the number of genes annotated by the RAST database. The second bar shows the 
number of genes that had a statistically significant change in transcript abundance in the pure culture 
relative to the co-culture. The third bar shows only those statistically significant genes also assigned a 
RAST subsystem other than none. The lowest bar shows only the genes which were statistically 
significant, had a RAST subsystem, and had a change in transcript abundance of 2-fold or greater. 
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Figure 8: RAST subsystem category comparison of genes that had significantly altered transcript 
abundance in co-culture for W. succinogenes and R. albus. RAST subsystem categories are shown for 
genes that had a significant change in transcript abundance (p<0.05) of 2-fold or greater when each 
organism in grown in co-culture, relative to transcript abundance in pure culture. In W. succinogenes, 140 
genes did not have a subsystem assignment (“Unknown”) and in R. albus, 104 genes did not have a 
subsystem assignment. 
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Figure 9: Global transcriptional response of genes in R. albus. Genes with a significant change in 
transcript abundance from pure culture to co-culture ordered by location on the genome (a) and by 
ascending fold change (b).  
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Figure 10: Changes in transcript abundance for glycolytic enzymes and mixed acid fermentation 
enzymes in R. albus. The legend from Figure 1 is used. Each arrow represents an enzyme in R. albus and 
the colors correspond to the change in transcript abundance for the corresponding gene in pure culture as 
compared to co-culture. Black arrows indicate a p≥0.05, and colored arrows indicate p<0.05. Light green 
arrows indicate a fold-change of +1.0 to +1.9, dark green arrows indicate a fold change of +2.0 and 
above. Light red arrows indicate a fold-change of -1.0 to -1.9, dark red arrows indicate a fold change of -
2.0 and lower. Acetate and ethanol concentration changes are shown: green indicates an increase in 
concentration and red indicates a decrease in concentration. See Appendix D for gene ID details. 
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Figure 11: Global transcriptional response of genes in W. succinogenes. Genes with a significant 
change in transcript abundance from pure culture to co-culture ordered by location on the genome (a) and 
by ascending fold change (b).  
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Figure 12: Transcriptional response of genes involved in fumarate respiration in W. succinogenes. 
The legend from Figure 2 is used. The colors of the boxes represent the changes in transcript abundance 
from pure culture to co-culture for each subunit of these protein complexes. Light green boxes indicate a 
fold-change of +1.00 to +1.99, dark green boxes indicate a fold change of +2.00 and above. The formate 
dehydrogenase (FdhABC) is colored according to the average fold-change of the three regions from 
WS0027-WS0029, WS0733-WS0736, and WS1146-WS1148. Modified from Vignais and Billoud (2007) 
and from Kröger et al. (2002).  
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Table 1: Primer sequences used in qPCR 
Gene a Forward Primer  (5’ to 3’) 
Reverse Primer  
(5’ to 3’) 
Rumal_2867 CTG GGA TTC CTG AAC TTT CC ATG CAT ACT GCG TTA G 
flgL  CAG ACT ATA CCG ATG CAA CTA C GAG CGG AGG AGA TCT TTA ATC 
a Rumal_2867 is a gene in the R. albus 7 genome and flgL is a gene in the W. succinogenes DSM 1740 
genome.  
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Table 2: Growth kinetics based on optical density measurements 
Culture composition Maximum observed OD600 a 
Growth rate  
(h-1) b 
Doubling time 
(min) c 
R. albus 0.95±0.01 0.37±0.02 113±5 
W. succinogenes 0.50±0.00 0.52±0.04 79±7 
Co-culture 1.12±0.01 0.42±0.02 100±5 
a Average maximum observed optical density at 600 nm ± standard deviation between three biological 
replicates. 
b Growth rates were calculated using the following equation: µ=(ln(A7h)-ln(A3h))/(t7h-t3h). 
c Doubling times were calculated using the following equation: G=ln(2)/( ln(A7h)-ln(A3h))/( t7h-t3h)). 
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Table 3: Growth kinetics based on qPCR 
Culture composition Maximum observed Δ-log (copy number) a 
Growth rate 
(h-1) b 
Doubling 
time (min) c 
R. albus pure 
1.33±0.14 0.58±0.19 78±30 
co-culture 1.36±0.30 0.57±0.34 90±42 
W. succinogenes pure 
1.28±0.26 0.33±0.06 132±27 
co-culture 1.59±0.24 0.54±0.11 80±14 
a Average maximum observed change in copy number ml-1 determined by qPCR ± standard deviation 
between three biological replicates and three technical replicates. The lower of t0h and t3h was subtracted 
from the greatest copy number ml-1 value. Three technical replicates were averaged prior to calculating Δ-
copy number ml-1 for each biological replicate.   
b Growth rates were calculated using the following equation: µ=(ln(C7h)-ln(C3h))/(t7h-t3h). C=copy number 
ml-1 
c Doubling times were calculated using the following equation: G=ln(2)/(ln(C7h)-ln(C3h))/(t7h-t3h)). 
C=copy number ml-1 
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Table 4: Read mapping results 
Culture a Replicate Total reads b 
Reads 
after 
trimming c 
Genome d 
Uniquely 
mapped 
reads e 
Unmapped 
reads f 
R. albus 
 
1 31.2 M 31.1 M Ra 77.1% 21.2% 
2 31.4 M 31.2 M Ra 80.0% 18.7% 
W. succinogenes 1 29.3 M 29.1 M Ws 75.0% 21.6% 
2 25.5 M 25.4 M Ws 74.2% 22.4% 
Co-culture 
1 28.4 M 30.7 M 
Ra 35.0% 64.3% 
Ws 42.0% 56.2% 
2 33.3 M 33.1 M 
Ra 37.2% 61.9% 
Ws 38.5% 60.0% 
a Cultures of R. albus and W. succinogenes were grown in modified Balch’s medium until mid-log phase 
before RNA was extracted from two biological replicates and sequenced. 
b Sequenced reads were quantified for each sample. M=million. 
c Reads were trimmed for quality and quantified.  M=million. 
d Reads were mapped to either the R. albus genome (Ra) or the W. succinogenes (Ws) genome. 
e The number of reads mapped to one segment of the genome. 
f The number of reads not mapped to the genome, either because they were very short, or they mapped to 
more than one segment of the genome, or because they were mapped to an unannotated region of the 
genome (non-coding region). 
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